PATENT 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In re Application of: Ashkenazi et al. 


Group Art Unit: 1647 


Serial No.: 09/903,925 


Examiner: Fozia Hamid 


Filed: July 11,2001 


'.''■i • .* CERTIFICATE OF MAILING 
I hereby certify that this correspondence is bang deposited with trie United.:* 
: States Postal Service with sufficient postage is: fest class mail in an envelope ' 
.addressed to: Assistant Commissioner of Patenta,:Washington, D.C 20231 on 


For: SECRETED AND 

TRANSMEMBRANE 




POLYPEPTIDES AND NUCLEIC 




ACIDS 





DECLARATION OF AUDREY P. GODPARP, Ph.D UNDER 37 C.F.R § 1.132 



Assistant Commissioner of Patents 
Washington, D.C. 20231 

Sir: 

- 1, Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2 . Between 1 993 and 200 1 , 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3 . My scientific Curriculum Vitae , including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 
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Serial No.: * 
Filed: * 

4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et aL, Biotechnology 10:413-417 (1992) (Exhibit B); Livak et aL, PCR 
Methods AppL 4:357-362 (1995) (Exhibit C) and Heid et aL, Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et aL, Proc. 
Natl. Acad. Sci. USA 95(25):14717-14722 (1998) (Exhibit E); Pitti et aL, Nature 
396(6712);699-703 (1998) (Exhibit F) and Bieche et aL, Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et aL have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et aL studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et aL used the assay to study gene amplification in breast cancer. 
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7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. I declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 1 8 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 
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Audrey D. Goddard, PhD. 
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DECLARATION OF AUDREY D. GODDARD, Ph.D UNDER 37 C.F.R. S 1.132 

Assistant Commissioner for Patents 
Washington, D.C 20231 

Dear Sir: • 

I, Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, 
Medical Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1993 and 2001 , 1 headed the DNA Sequencing Laboratory at the 
Molecular Biology Department of Genentech, Inc. During this time, my responsibilities included 
the identification and characterization of genes contributing to the oncogenic process, and 
determination of the chromosomal localization of novel genes. 

3. My scientific Curriculum Vitae, including my list of publications, is attached to 
and forms part of this Declaration (Exhibit A). 

4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the TaqMan™ PCR assay. 

5. The TaqMan™ PCR. assay is described, for example, in the following scientific 
publications: Higuchi et al, Biotechnology 10:413-417 (1992) (Exhibit B); Livak et al. 9 PCR 
Methods AppL, 4:357-362 (1995) (Exhibit C); and Heid et al., Genome Res. 6:986-994 (1996) 
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^Exfaibit.D). Briefly, the assay is based on the principle, that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately be measuring 
the increment in fluorescence that results from decreased energy transfer. This is a sensitive 
technique, which allows detection in the exponential phase of the PCR and, as a result, leads to 
accurate determination of initial genomic sequence copy number. 

6. The quantitative fluorescent TaqMan™ PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogens has been studied in a variety of human tumors, and is generally 
considered as having etiological, diagnostic, and prognostic significance. This use of the 
TaqMan™ PCR assay is exemplified by the following scientific publications: Pennica D, et al., 
Proc. Natl Acad. Set USA. 95(25): 14717-14722 (1998) (Exhibit E); Pitti et al, Nature 
396(6712): 699-703 (1998). (Exhibit F); and Bieche, et al. t Int. J. Cancer 78:661-666 (1998) 
(Exhibit G), the first two of which I am co-author. In particular, Pennica et ah has used the 
TaqMan™ PCR assay to study relative gene amplification of WISP and c-myc in various cell 
lines, colorectal tumors, and normal mucosa. Pitti et al. studied the genomic amplification of a 
decoy receptor for Fas ligand in lung and colon cancer, using the TaqMan™ PCR assay. Bieche 
et al. used the assay to study gene amplification in breast cancer. 

7. It is my personal experience that TaqMan™ PCR is technically sensitive enough to 
detect at least 2-fold gene amplifications relative to control. It is further my considered scientific 
opinion that^S^4-fold amplification of a gene is significant, and that at least 4-fold 
amplification of a gene in a tumor sample relative to control in a significant proportion of tumors 
is an indication that the gene is likely to be associated with malignancy. Accordingly, a gene 
identified as amplified at least 4- fold by the TaqMan™ technique may find utility in the diagnosis 
of cancer or to monitor cancer development, or the efficacy of cancer therapy. 

8. I declare further that all statements made herein of my own knowledge are true 
and that all statements made on information and belief are believed to be true. I declare that 
these statements were made with the knowledge that willful false statements and the like so madeo 
are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United 



Appl. No, : * 

Filed : * 

States Code, and that such willful false statements may jeopardize the validity of the application 
or any patent issuing thereon. 



Date Audrey D. Goddard, Ph.D. 
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AUDREY D. GODDARD, Ph.D. 



Genentech, Inc. 
1 DNA Way 

South Sari Francisco, CA, 94080 

650.225.6429 

goddarda@gene.com 



110 Congo St. 

San Francisco, CA, 94131 

415.841.9154 

415.819.2247 (mobile) 

agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 



Genentech, Inc. 



1993-present 



South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 
. • Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 1 1 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data , 

• Application of pharmacogenomics in clinical trials 



1998 - 2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs } and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process . 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993 -1998 Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89 -12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocyte leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 

McMaster University 1983 
Hamilton, Ontario, Canada with Dr. G. D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 

University of Toronto 

Toronto, Ontario, Canada. r 1989 
Department of Medical 
Biophysics. 

Honours B.Sc McMaster University, 

"The in vitro metabolism of the cytochrome P-448 Hamilton, Ontario, Canada. 1983 
inducer p-naphthoflavone in C57BL/6J mice." Department of Biochemistry 
Supervisor: Dr. G. D. Sweeney 



Ph.D. 

"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 
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ACADEMIC AWARDS 



Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.L.W. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



1989- 

1983- 

1983 

1983 

1981 

1981- 

1980- 

1979- 



1992 
1988- 



1983 
1982 
1981 
1980 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 



Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocytic leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 



2000 
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PATENTS 

Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent. 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M,. Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL, Hillan . KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351 . Date of Patent: 
Feb. 19, 2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of- partial growth 
hormone insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,113. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H, Foster J, Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the . 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S., Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 135-142. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17RM. Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, Aggarwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A, (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd. P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 11: 729-735. 



Audrey D. Goddard, Ph.D page 6 of 9 



Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mE10, a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD, Wood Wl, Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 215-218. 

Ridgway JBB, Ng E, Kern JA ,Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM, Marsters SA, Lawrence DA, Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ, 
Sherwood SW, Baldwin DT, Godowski PJ, Wood W I, Gurney AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D, Swanson TA, Welsh JW, Roy MA, Lawrence DA, Lee J, Brush J, Taneyhill LA, 
Deuel B, Lew M, Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci. USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl,, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology 16(7): 677-681. 

Marsters SA, Sheridan JP,. Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM, Ryan A, Gu Q, Zhang C, Bonifas JM, Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2L/TRAIL 1 
contains a truncated death domain. Current Biology. 7(1 2): 1 003-1 006. 

Hynes M, Stone DM, Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor Gli-1. Neuron 
19:15-26. 

Sheridan JP, Marsters SA, Pitti RM, Gurney A., Skubatch M, Baldwin D, Ramakrishnan L, 
Gray CL, Baker K, Wood Wl, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD, Dowd P, Chernausek S, Geffner M, Gertner J, Hintz R, Hopwood N, Kaplan S, 
Plotnick L, Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr. 131: S51-55. 

Klein RD, Sherman D, Ho WH, Stone D, Bennett GL, Moffat B, Vandlen R, Simmons L, Gu Q, 
Hongo JA, Devaux B, Poulsen K, Armanini M, Nozaki C, Asai N, Goddard A, Phillips H, 
Henderson CE, Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts with 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 717-21 . 

Stone DM, Hynes M, Armanini M, Swanson TA, Gu Q, Johnson RL, Scott MP, Pennica D, 
Goddard A, Phillips H, Noll M, Hooper JE, de Sauvage F and Rosenthal A. (1996) The 
tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog. Nature 
384(6605): 129-34. 

Marsters SA, Sheridan JP, Donahue CJ, Pitti RM, Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A. (1996) Apo-3, a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current Biology 6(12): 
1669-76. 

Rothe M, Xiong J, Shu HB, Williamson K, Goddard A and Goeddel DV. (1996) l-TRAF is a 
novel TRAF-interacting protein that regulates TRAF-mediated signal transduction. Proc. Natl. 
Acad. ScL USA 93: 8241-8246. 

Yang M, Luoh SM, Goddard A, Reilly D, Henzel W and Bass S. (1996) The bglX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasmic beta- 
glucosidase. Microbiology 142: 1659-65. 

Goddard AD and Black DM. (1996) Familial Cancer in Molecular Endocrinology of Cancer. 
Waxman, J. Ed. Cambridge University Press, Cambridge UK, pp. 187-215. 

Treanor JJS, Goodman L, de Sauvage F, Stone DM, Poulson KT, Beck CD, Gray C, Armanini 
MP, Pollocks RA, Hefti F, Phillips HS, Goddard A, Moore MW, Buj-Bello A, Davis AM, Asai.N, 
Takahashi M, Vandlen R, Henderson CE and Rosenthal A. (1996) Characterization of a 
receptor for GDNF. Nature 382: 80-83. 

Klein RD, Gu Q, Goddard A and Rosenthal A. (1996.) Selection for genes encoding secreted 
proteins and receptors. Proc. Natl. Acad. Sci. USA 93: 7108-7113. 

Winslow JW, Moran P, Valverde J, Shih A, Yuan JQ, Wong SC, Tsai SP, Goddard A, Henzel 
WJ, Hefti F and Caras I. (1995) Cloning of AL-1 , a ligand for an Eph-related tyrosine kinase 
receptor involved in axon bundle formation. Neuron 14: 973-981 . 

Bennett BD, ZeiglerFC, Gu Q, Fendly B, Goddard AD, Gillett N and Matthews W. (1995) 
Molecular cloning of a ligand for the EPH-related receptor protein-tyrosine kinase Htk. Proc. 
Nat). Acad. Sci. USA 92: 1866-1870. 

Huang X, Yuang J, Goddard A, Foulis A, James RF, Lernmark A, Pujol-Borrell R, 
Rabinovitch A, Somoza N and Stewart TA. (1995) Interferon expression in the pancreases of 
patients with type I diabetes. Diabetes 44: 658-664. . 

Goddard AD, Yuan JQ, Fairbairn L, Dexter M, Borrow J, Kozak C and Solomon E. (1995) 
Cloning of the murine homolog of the leukemia-associated PML gene. Mammalian Genome, 
6:732-737. . 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J. Livak, Susan J.A* Flood, Jeffrey Marmaro, William Giusti, and Kariri Deetz 
Pcrkin-Ehncr, Applied Utosystcnu Division, Foster City, California 94404 



The 5' nucl«AKa PCft «»«y dalnctf the 

Accumulation af specific PCR product 
by hybridization and cleavage of a 
double-labeled fluorogenlc probe 
during the amplification reaction* 
The probe Is an oligonucleotide with 
both a reporter fluorescent dye and a 
quencher dye attached. An Increase 
In renortar fluorescence Intensity In- 
dlcetcs that the probe has hybridized 
to the target PCft product and h«» 
been cleaved by the nude* 
olytlc activity of Too DNA polymerase. 
In this study, probes with the 
quencher d y « attached to an Internal 
nucleotide were compared with 
probes with the quencher dya at- 
tached to the J -end nucleotide. In all 
caw, the reporter dye was attached 
to the 5' end. All Intact probes 
ihowed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3 - 
end nucleotide exhibited a larger sig- 
nal in the 5' nuclease PCR assay than 
the Internally labeled probes. It Is 
proposed that the larger signal Is 
caused by Increased likelihood »f 
cleavage by Taq DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the qu ndier dye attached to 
the 3 'end nucleotide also exhibited 
an Increase In reporter fluor*«cence 
Intensity when hybridized to a com- 
plementary fttrand. Thus, oligonucle- 
otides with reporter and quencher 
dyes attached at opposite nd* can 
be used as homogeneous hybrldlza- 

oTOfg] 



r\ homogeneous ausay for detecting 
II it' Mtxumulatioii of specific 1*CR prod- 
uct that uses a double-labeled fluoro- 
genie probe was described by Lee et al. (1> 
The assay exploits the 5' > 3' nude- 
olyllc activity of Taq DNA poly^ 
iijtiaat? C7 ' H) and h diagramed in l-lgure 1. 
The flu otogenic pmbtt consists of an oli- 
gonucleotide uiflh u reporter fluorescent 
dye, >uOi «b a fluorescein, attached to 
U»r 5' end; and ii quencher dye, such as a 
rhodamine, attached internally, When 
the fluorescein Is excited by irradiation, 
Us fluorescent omission will be 
quenched it the jhodamhie b Close 
enough to be excited through th* pro- 
cess of nuore.v:etu:e energy transler 
(l 5 Kn. M -« During PCK, if the probe is hy~ 
hridized to A' template *tiond, Taq DNA 
polymerase wiU cleave the probe be- 
cause of its inherent &' »+ 3' nudeolytic 
activity. If the cleavage occurs between 
DlC fluorescein and fhodaminc dyes, it 
causes an increase in fJumcsvvin fluores- 
cence intensity because the fluorescein 
i* no longer unenched. The increase in 
fluorescein fluorescence. Intensity Indi* 
talcs Unit the probe-specific PCR product 
has hw.t i generated.- Thus, PET between a 
icpuilei dye and a quencher dye Is criti- 
cal to the performance of Ihc piube in 
LliC 5' nuLledae PCR aviay. 

Quenching is completely dependent 
on the physical proximity <>/ tbv two 
dyes/' 1 ' Because of this, U has been a.v 
sumcd tbol the quencher dye mu»l be 
attached neai the 5' end. Surprisingly, 
we have found thai attaching a rho- 
tloiuine dye ol the 3' cud of a pujl/t 



pen. {vsstty. J'urthcrmore/ cleavage of ill Is 
type of probe us not required to acnieve. 
some reduction In quenching., Oligonu- 
cleotides with a Tepottcr dye Oil the 5' 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fiuores* 
cvncv when double-stranded as com- 
pared with single-stranded. This should 
make St possible to use this type of dou- 
ble* labeled probe for homogeneous de- 
tection of nucleic acia Hybridization. 



MATERIALS AND METHODS 
Oligonucleotide* 

Table 1 shows the nucleotide sequence 
of the oli gonucJcot Ides used In this 
study. Linker arm nucleotide (LAN) 
phoaphoramidhc was obtained from 
Gien Research. The standard DNA plios- 
phorainiditcs, 6-carboxyfJuorcscein (6. 
FAM) phosphorainldtte, 6-carboxytet- 
romethylrhodamlne succinimldyl csier 
(TAMRA NHS ester); and Phosphnlink 
for attaching a ;V-blocktng phosphate, 
were oDtahicd trom Hcrkln-Elmer, A]> 
plied Blosystems Division. Oligonucle- 
otide synthesis was performed using an 
AIM model 394 DNA synthesiser (Applied 
lSlosystems). rTJmcr and complement 
oligonudeondes were purifica using 
Ollgu ruiiric-ation Curt rid ges (Applied 
Biasyslem^). Oi/ublL-luhdi'.d pn>bes were 
^yiMhrsir.ed wit!) 6-PAM* labeled pho.v 

phuidicirdite at the ,V itrul, IAN rcpUlchlg 

one 4»f tbcTs in the sequence, and I'hos- 
phallnk dt the 3' end. Following de- 
piotta:tloii vi u\ nhiuiuJ precipitation^ 
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FIGURE 1 Diagram of 5' nuclease assay. Stepwise representation of the 5'-* 3* nucleolytic ac- 
tivity of Taq UNA polymerase acting i>n a fiuoru/;cjik- probe UurJriK one extension phase of J'CR, 



mM Na-blcarbonaic buffer (pH 9.0) at 
room temperature. Uiucactcd dye was 

i cuiuvcO by paaaa^c over a I'D*10 Scph«» 

dox column. Finally, Iho double-labeled 
probe was purified t»y preparative hi^h- 
perforrnance liquid chromatography 
(HPUy using an Aquaporc C K 22<>x4.6- 
mni column with particle size. The 
column was developed with a 24*mJn 
linear gradient of 9-20% ucctottltrlfc in 
0,) ki TEAA (trk-thylomlnc acetate). 
Probes are named by designating the se- 
quence from Tabic 1 and the position of 
the 1AN-TAMRA moiety, I'or example, 

probe A3 -7 has sequence Al with LAN— 
TAMRA at nucleotide position 7 from the 
ft' end. 



PCR Syucrm 

All pcjR amplifications were performed 
in the Pcxkin. Elmer GcncAmp PCR Sys- 
tem 960U using M>uJ reactions thai con- 
tained 10 mM Tris-HCl (pH 8,3), 50 iiim 
KCI, 200 u.M dA'PP, 200 \lm dCTP, 200 
dGTP, 400 u.m dUTP, 0.5 unit of Ainplir- 
ase uracil N.glycosylase (Perkin-Eimer), 



gene (nucleotides 2141-2435 in the sc» 
quence of Nako|lmft-Il|lma el al.) (7) was 
amplified using pi i men* APP and AJlP 
(Tabic 1), which are modified slightly 
from those of du Brcuil ct nl, <m Aclln am- 
plification reactions contained 4 mM 
M S< : )* 20 ng of human genomic J>NA, 
SO nM Al or A3 probe, and 300 each 



primer. The thermal regimen was SC^O 
(2 mln), (10 mln), <10 cycle* of WC 
(20 ace), ©0°C (1 mln), and hold at 72°C 
A S15-np segment was amplified from a 
plasmld that consists cj! a segment ol X 
DNA (nucleotide* 32,2?0-32,747) in- 
serted in the Smai site of vector pUCl 19. 
These rxactluns i:outulm:u S.5 him 
MflC:^, 1 ns of plusmid DNA, 50 hm P2 or 
PS probe, 200 nw primer PI 19, and 200 
iiM piunei R119. The thermal ic^Jmen 
was 5QX (2 mln), f>5*C (10 mln), 25 cy- 
cle* of ?$°C (20 sec), 57%: o mln), and 
hold at 72"C 



FUanr«t*cence detection 

l-'or each amplification reaction, a 40-u.J 
aliquot of a sample was transferred to an 
Individual well of a white, £)6.w<tH micro* 
titer plate (Perkin-Ulrntrr). Fluorescence 
was measured on the Pcrkln-EImer Taq- 
Man LK-50U System, which consists of a 
luminescence ^penetrometer with plate 
reader u&cmbly, a 4B5»nm excitation fil- 
ter, and a MS-nm emission filter. Pxcita. 
tion was at 488 nm using a ,Vnm slit 
width. Emission was measured at £18 

nm for 6-1 -AM (the. reporter or H value) 
and Sft2 nm for TAMliA (the quencher or 
Q value) using a 10-nm slit width. To 
determine the iiiucasc Us ivpuiiei emis- 
sion that 1m caused by cleavage of the 
probe during PCR, three normalization* 
are applied to the raw emi.VMOu data. 
Pirst, emission Intensity of a buffei blank 
is subtracted for each wavelength. Sec- 
ond, emission Intensity of the. reporter h 



TABLE 1 


Scquci^ccs of OUj^oiiuclcotldes 




Name 


Type 


Secjucuat 


y\i9 




ACCCACA<5C»AA(rrOA'lCACCACJ*C 


H119 


prlmvT 


AixsrcucxirrccicKJcrrcAcxri-jcTiCiC 


pa 


probi* 


1 CCK^^^CrOAICXiinXiCCAACCACTp 


3*2C: 


complement 


CTACI'C CTrC GCAACX5 ATCAC5TAATC Cf lA'I'C 


1>S 


probe 


CUG A'rrrGCTXi CJI'A rCTAlX^VCAAC c aiv 


P5C 




TTCATCCTTGTCAT AG Al ACXlAOCAAA'l CCC 


AW 


primer 


TCACCCACACTGTGCCCATCTACQA 


ARP 


primer 


CVSCJUiOA A t H XiCTC -ArTCKX'AATOU 


Al 


probe 


AWCCCiCCCCCAi^CCAlCClXiOGTp 


At^. 


curapJemenl 


A(^<:cuyktit;A'ix;<:t^*K;c;c;c;t;A/;(;7;c^TAC 


A3 


i>iol>c 


CGCCCTCGACrrCCAOCAACAOAlV 


A3r. 


cunipltrmctjl 


CrATrrfCTTOlCrCGAAGTCCAGGGCRAC 



Par each ollgonucieutiUc vised In this .Mudy, the nucleic add sequence h glvcii, written in tlie 
5' » 3* uinxtiou. Tljeie are \hw types of oligonucleotides; TCR primer, fluorogenic probe used 
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Prab* 

A1-14 
A1-22 



A1-2 

A1*7 

AM4 

A1-10 

A1-22 

A1-2B 



G18 nm 

riA la mp, .4 Unnp. 



682 nm 

no Ump. « t»mp. 



RO- 



25.5 i 2.1 32.7 A K0 39^ rt 3.0 38-2 4 2-0 

03.0 ± 4.3 305.1 3i 21,4 1Cfc.&*6.3 1lO-3:*S-3 

127.0*4.0 403.3*10.1 93.14 £.3 

187.&* 17.Q W.7.-I 7.7 70.3^7.^ 73.0*2,0 

224.GdO.-4 4912,1*3:^8 100.0±4.0 06.C10.C 

I60£ j 0-3 4i*.l 1 1B.4 ya.i * W./ 1 3.* 



i.tsio.oa 

2.67 J 0.06 



AM i 0.15 
6.00J. 



C2Sa.O.KJ 5.0S-J.0.M 

1./2±0.U2 b,oi±o.ua 



0.10 * 0.06* 
3X0*0.18 
3.18:1 0.15 
9.19 1 0,16 
C.77 10.12 



"CURE 2 Results of 5' tiuclrar ti»ii|>artiig $-*eth\ pfobc* with TAMRA at different nucle 

otltle positions. As described in Materials ana Methods, W'Jl xmptS Heat ions containing the in- 
dicated pxobef were performed, and the fiuoruavunce emission was measured &< 518 and 582 nm. 
Reported values an? the average* 1 s.n, for six reactions run without added template (no temp.) 
and six reactions run with template ( I temp.). The RQ ratio was calculated (or each individual 
reaction and averaged to give the reported RQ" and HQ 1 valuta. 



divided by the emission intensity of the 
quencher to give an RQ ratio fur each 
reaction tube. Tills normalizes tor well- 
KMvell variations in probe concentra- 
tion and fluorescence measurement, fi- 
nally, ARQ is calculated by subtracting 
the KQ value of the no- template control 
(RQ") from the HQ values for the win- 
plcie reaction including template 
(RQ'). ' 

RESULTS 

A senes of probes with increasing dis- 
lauces Denvecn the OuoreHcein rvportci 
and rhodamlrto quencher were tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease '1'CK as- 
my. Tnese probes hybridize to a target 



.sequence in Ihc human p-actin gene. 
Hguic 2 shows the results of arr experi- 
ment in wliich these probes were In- 
cluded in PCk thai amplified a segment 
of the (5-iietln containing the Uigct 
sequence- Pci fun nance In the S J nu- 
clease PCR assay is monitored 1>y the 
magnitude of AkQ, which U*a measure 
of the Increase in reporter fltiurocencc? 
i.au»cd by PCR amplification of the 
probe target, Frobe Al-2 ha* « ARQ value 
that is close to r.«ro r Indicating that the 
probe was noi cleaved appreciably dur- 
ing the amplification renctuin. Thii» sug- 
KC&U that With lilt quencher dye on the 
secund nucleotide from the 5' end, there 
Is insufficient loom lot Tuy polymerase 
to cleave efficiently between the reporter 
anU quenehei. The other five probes ex- 
hibited comparable AR<> values that ate 



clearly different from zero. Thus, ull five 
probo arr beTr> n clcuvrd durinj; vest am- 
plincatJon foultiriK in a similar Inu^ase 
111 icportci' nuoi^ccJice. It sliuulil be 
noted (hot complete digestion of a probe 
proauces a much larger increase in re- 
porter fluorescence than that observed 
in Figure 2 (data not shown). Thus, even 
in reactions where amplification occurs, 
the majority of probe molecules remain 
unclcavccl. It is mainly Tor this reason 
that the fluorescence intensity of the 
quencher dye TAMRA changes lilile with 
amplification of the targp.i. This Is what 

allows US to use the fluorescence 
residing as a normiltxutlon factor. 

The magnihinV nf RQ" rfnp^nrts 
mainly on the quenching efficiency in- 
herent in the. specific .struenjre of the 
probe and the purity of the oligonucle- 
otide. Thus, the larger RQ~ values Indi- 
cate that proDes AM4, AM9, Al-22, and 
A1'26 probably Have reduced quenching 
as compared with A1-7, Still, the degree 
• of quenching is sufficient to detect a 
highly signiffcant incrcuim In reporter 
fluorescence when cacli of these probe* 
ia cleaved during PCR. 

To further investigate the ability of 
VAMKA on the 3 f end to quench fi-PAM 
on the 5' end, three additional palm of 
probes were tested in the 5' nuclease 
PCR aisay. Foi each pair, one probe has 
TAMRA Otto ch CO* to an internal nude- 
uilUe and die othei has TAMRA attached 
to the 3' end nucleotide. The results arc 
shown in Tabic 2. Yor all three sets, the 
probe with the 3' quencher exhibits u 
ARQ value that is considerably i)i&liei 
diao for the probe with the lnicrna) 
queiichcr. The RQ* values suggest thnt 
differences In quenching arc not as x riuir 
as those observed with some of the A3 
probes. These results demonstrate that a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiently the 



TABLE 2 Results of S' Nuclease Assay Comparing Probe* wit)) TAMRA Attnchini to an internal or 3' -terminal Nucleotide 



S18 nxn 





Probe - 


no temp. 


+ temp. 


\m \xuiy. 


4 temp. 


HQ 


R<V 




AC 


A3«6 
A3-24 


54.6 2- 3.2 
72.1 t Z9 


84.8 i :U 
.236.5 i 11.1 


U6,2 i 6,4 
4.0 


m.b X 2.5 
90.2 ± 3.» 


0.47 2. 0.02 
0.86 x 0.02 


0.73 ± 0,03 
2.62 ± 0.05 


0.20 ± 0.04 
1.76^0.05 


Lhe, 


17-7 
1*2*27 


S2.8 3. 4.4 
113.4 2:6.6 


3B4.0 ± 34.1 
555.4 ± 14-1 


iuyj X 6.4 
- 140.7 * 8,5 


120.4 * 10.2 
118.7=:4.8 


0.79 i 0.02 
0,81 * 0.01 


3.19 * 0,36 
4.68 £ 0.10 


2. 40:« 0.16 
3.88 7 0.10 


ied 

ihc 

m. 


l'S-10 

rs-28 


77^ ± 6-S 
64»0 x S.2 


244.4 a 15.9 
333,6 it 12.1 


86.7 i 4.3 
100.6 * 6.) 


9S.S -i- 6.7 
94.7 r 6.5 


0.B9 * 0.05 
0.63 ± 0.02 


2.55 ?. 0.06 
3.63 ^ 0.12 


1.66* 0.08 
2.89 i 0.13 








Tiif-iii«iionfi were ner formed its described In Mdterioi Methods and in the legend tu Hlg. 2. 
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fluorescence of a reporter dye on the S 1 
ciul. Tin? dugruu of quenching Is suffi* 
cienL fur Uiiti type of oligonucleotide to 
be used as a probe in the V nuclease PGR 
assay. 

To test the hypothesis that quenching 
by a 3' TAMRA depends on the flexibility 
of the oliKonuolootido, fluorescence was 
mca&uitid fur probes in the Single- 
stranded and double stranded states, Tft- 
bl<* $ i*eporU the fluorescence observed 
at 518 and 582 llm. The relative degree 
of quenching Is assessed by calculating 
the RQ ratio. Vor probes With TAMRA 
MO nucleotides from the S' end, there 
Is little difference in the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides, The results 
for probes with TAMRA at the 3' end are 
much different For these probes, hy- 
bridization to a complementary strand 
causes a dramatic Increase in HQ. We 
propose that this loss of quenching is 
caused by the rigid Structure of double- 
Stranded DNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end. There lis a marked Mg a < effect on 
quenching Figure 3 shows a plot of ob- 
served HQ values for the Al series of 
probes as a function of Mg 2 " 1 concentra- 
tion. With TAMRA attached near the 5' 
end (prohe A 1-2 or Al*7), the RQ value at 
0 nm Mg 2 " is only slightly higher than 
RQ at 10 niM Mg**. Por probes AM9, 
A 1-22, and AU26, the RQ values at 0 
Mg* 4 are very hi^ti, indicating a much 



reduced quenching efflcloney. For ench 
of these probes, thttie. is » marked de- 
crease in KQ at 1 mM Mg* * followed by 
u gradual decline a* the Mg* 1 wuccn- 
trution increases to 10 mM, l'juliu A1-14 
show* an intermediate RQ value at 0 him 
M$ ?,) with n gradual decline at hlgncr 
Mk 7,1 * concern Ii a CU jus. In a low-salt en- 
vironment with no Mg a * present, a sJn- 
gle-Mrandcd oligonucleotide would he 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg a + ions acts to 
shield the negative charge of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
the V end is close to the 5' end. There- 
fore, the observed Mg 2 1 effects support 
the notion that quenching oi a 5' ro 
porter dye by TAMRA. at or near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

OISCU55ION 

Th? striking rinding of this study is that 
it seems the rhodamine dye TAMKA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein (6-l ; AM) placed at 
the 5' end. This Implies thai a single- 
st ra ndod, double-label ed ol igohucle« 
otide must be able to adopt conforma- 
tions where the TAMRA is close to the 5' 
end. It should be noted that the decay of 
6-1'AM In the excited state requires a cer- 
toJn amount of time. Therefore, what 



TABIC 5 Comparison of Pluoraicen<c fvmi»»iuiis t>/ SiiiRU^str«nciecl and 
Double- jitr*ndcd Fluorogenk PiobeN 
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0.8] 


5,43 


A3-6 


16.7S 


62.88 


39.33 


165.57 
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0,61 
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0.14 
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(ss) Single-stranded, I ntr fluorescence emissions at 518 or 582 mn for solutions containing a final 
concentration of 50 nM Indicated probe, 10 mM Tn» fCI <pH 8*3). 50 niM KCI and 10 nm MgC\.# 
(ds) DcmblLM-tranded. Th« sotutl ns contained, in addition. 100 km A1C foT prnhw Al-7 and 
A1-2C, 100 mi A3C for probes A3-6 and A3-24. 100 ilM VU\ for probe* W and 1777, or 100 nM 
P5C for prober and ttcforc the addition of MgC'bj J X* *1 ofeacl* auuiplc was IteatuU 



mnttcM for quenching Is not the average 
distance between 6-iAM and TAMRA 
but, rather, how close TAMRA can get lo 
WAM during the lifetime of the 6.FAM 
excited state. As loug ai the decay time ol 
the excited state IS relatively long com- 
pareo Willi the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
end, or any other position, can quench 
' 6-FAM at the V end because TAMRA is In 
proximity to fi*KAM often enough to be 
able to accept energy transfer from an 
excited 6-fam. 

Details of the fluorescence measure- 
ments remain puzzling. For example, Ta- 
bic- 3 shows that hybridisation of probes 
AZ'26, A3-24, and to their comple- 
mentary strands not only causes a large 
increase in 6-PAM fluorescence at 5)8 
nm but also causes a modest Increase in 
TAMRA fluorescence at 582 nm. If 
Tamra is being exdrud by energy trans- 
fer from quenched 6*MM, ihen loss of 
quenching attributable to hybridization 
should cause a decrease in the fluores- 
cence emission of TAMRA. The fact that 
the fluorescence emission of TAMRA in- 
creases indicates that the situation Is 
more complex. For example, we have an* 
ecdmal evidence that the bases of The 
oligonucleotide, especially <.i, quench 
the fluorescence of both 6-FAM and 
TAMRA to some degree. When double* 
stranded, base-pairing may reducR the 
ability of the bases to quench. The pri- 
mary factor causing t»« quenching of 
6->'AM in an intact probe is the. TAMRA 
dye. Kvtdence for Uie Importance of 
TAMRA is that 6 KAM fluimaccnco 
rcmaln* rel6 lively unchanged >vhcn 
probes labeled only with 6-l : AM are used 
In the S' nuclease l'CR assay (data not 
shown;* Secondary effectors of fluores- 
cence, both before and afiei cleavage of 
the probe, need to be explored further. 

KeRardlcss of the physical mccha* 
nlsm, the relative independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the 5' nuclease 
PCR aSHny. There are three main factors 
that determine, the performance of a 
double-labeled fluorescent probe in the 
$' nuclease PCK assay* The first factor is 
the degree of quenching olwerved in the 
int a probe. Tills IS Characterized by the 
vHlue of RQ , which is the ratio of re- 
porter to quencher fluorescent cmis 
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dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
i)l he i factors that induce flexibility uf 
(.he oligonucleotide, and purity of the 
probe. The second factor is th^ efficiency 
iff hyhtiduusiiun, which depends on 
probe T av presence of secondary MruC* 
turc In probe or template, annealing 
temperature, and other reaction condi- 
tions. The ihlrd factor is the efficiency at 
which Taq DNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage Is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
Uie observation that mismatches in the 
segment between reporter and quencher 
dyes drastically reduce the cleavage uf 
prubi!. (l) 

'Hie rise in RQ* values for the Al se* 
ries of probes seems to indicate that the 
degree of quenching is reduced- some- 
what as the quencher is placed toward 
the S* end Ihe lowest apparent quench- 
ing Is observed for probe Al-l n (see Pig. 
3) rather than for the probe where the 
TAMRA Is at the 3' end (Ai-zo). This ix 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations close to the .V reporter 
dye than Is an internally placed 



probes, the interpretation of RQ values 
is less clear-cut. The A3 probes show the 
some trend as Al, with the 3' TAMRA 
piubc having a laiger RQ than the In* 
ternal TAMRA probe. Tor the P2 pah, 
both probr.s have about the same RQ* 
value. Poi the TS probes/ the RQ for the 
y probe is less than for the internally 
labeled probe. Another factor that may 
explain some of the observed variation is 
that purity affect? the RQ" value. Al- 
though all probe* are HIM.C putificd, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ . 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently urn 
have a large effcel on the efficiency of 
piobc cleavage. Hie most drastic effect is 
observed with probe A 1*2, where place- 
ment of the TAMRA on the second nu- 
cleotide crdui.es the efficiency of cleav- 
age to almost iccro. For the A3, 1*2, and P5 
probes, ARQ fs much greater for the 3' 
TAMKA probes as compared with the in- 
ternal TAMRA probes. Tills is explained 
most easily hy assuming that ptobes 
with TAMRA at the 3' end are more likely 
to be cleaved between lcpoitei and 
quencbeT than are probes with TAMRA 
attached internally. J : or the Al probes, 
the cleavage efficiency of pTobe Al-7 
must already be quite high, as ARQ does 
not Increase when the quencher is 
ni»r»«i rirtvr m thn .V end. This illus- 



trates the importance of bring ahtr* to 
use probes with a quenchor on the 3' 
end in the S f nuclease PCU ar;say ( In this 
assay; an increase in the intenftity of re- 
porter fluorescence is observed only 
when the probe is cleaved between l lie 
reporter and quencher dyes. By placing 
liie lupuilur and quunchui dyes on the 
opposite ends of an oligonucleotide 
probe, any cloavage that occurs will be 
detected. When the quencher is uituchcd 
to an Internal nucleotide, sometimes thu 
pcobe work* well (Al-7) and other Llm» 
not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe Is being cleaved 3' to 
the quencher rctthor than between die 
rppnrt^r and quencher, Therefore, the 
best chance of having a probe that rcli- 
ubly detects accumulation of PGR prod- 
uct in the V nuclease VCR assay is to use 
a probe with The reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight, boncfit In 
terms of. hybridization efficiency. The 
presence of a quencher attached to an 
internal nucleotide might be expected to 
disrupt bi^e-pairing and reduce the T m 
of a probe. In fact, a 2 n <!~3 rt c: reduction 
in T m has been observed for two probes 
Willi imtniidlly aLUwlicd TAMKA*.' This 
disruptive effect would be minimised by 
placing the quencher al the 3' end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridisation efficiencies 
than piobcs with interna] ijucnchei*. 

The combination of increased cleav. 
age and hybridization efficiencies means 
that probes with 3 f quenchers probably 
will be more tolerant of mismatches be- 
tween probe and inrgct as compared 
willi internally labeled probes. Tills tol- 
erance of mismatches can be advanta- 
geous, as when trying to use o single 
probe to detect I'OR-amplif icd products 
from samplr.N uf different species. Also, It 
mean's that cleavage of probe during PCU 
is less sensitive to altcnitioiih * in an* 
nealing temperature or other reaction 
conditions, The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. I,ec 
ct al. (1> demonstrated that allele-speclflc 
probes were cleaved between reporter 
and quencher only wh n hybridized to a 
perfectly complementary target- This al- 
lowed them to distinguish die normal 
human cystic fibrosis allele from the 
AFS08 mutant, Their probes had TAMRA 
attached to the seventh nucleotide from 
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figure 3 Kffcct of Mg® ' eoneentratJun on RQ railo for ttic A3 series of probes. The fluurtttctiiic* 
emissiun intensity al 51 ft and 582 nm was measured for solution* containing SO iim piobe, JO mM 
Tci*-lia,(pH 8.3), 50 mM KO, and varying amounts (0 10 mM) of MsCl*. The calculated RQ 
ratios <.sih nm intensity divided t>y 5«z mn intensity) arc plotted vs. MgCl 2 conccnrmioii («im 
Mr). The key (upper ti$ht) ihows the probes examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence ot structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the 
probe. The second factor is the efficiency 
of hybrldtaatiun, which depends on 
probe T mt presence of secondary struc- 
ture In probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Taq UNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage Is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter and quencher 
dyes drastically reduce the cleavage of 
prohe. a> 

The rise in RQ values for the Al se- 
ries of probes seems to Indicate that the' 
degree of quenching Is reduced some- 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe AM 9 (sec Kig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (A1-26). This is 
understandable, as the conformation i>f 
the S end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher ar the 3' end is freer to adopt 
conformations close lo the 5' reporter 
dye than Is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ' values 
is less clear-cut. The A3 probes show the 
same rrend as Al, with the 3' TAMRA 
probe having a larger RQ"' than the in- 
ternal TAMRA probe. For this P2 pair, 
both probes have about the same RQ 
value. For the PS probes, the RQ* for the 
3* probe is less than foi Uic inUnnally 
labeled probe. Another factor that may 
explain some of the observed variation Is 
that purity affects the RQ~ value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ . 

Although there may be ft modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA On the second nu- 
cleotide reduces the efficiency of cleav- 
age to almost zero. For the A3, ?Z, and PS 
probes, ARQ is much greater for the .V 
TAMRA probes as compared with the in* 
temal TAMRA probes. This Is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached Internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQdocs 
not Increase when the quencher Is 
placed closer to the 3' end. This illus- 
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tratos the importance of bein^ able to 
use probes with a quencher on the 3' 
end in the V nuclease I'Ut assay. In Ihls 
assay, an increase in tho intensity of rc 
porter fluorescenc* I? observed only 
when the probe is cleaved between the 
reporter and quencher dyes. Hy plueing 
tho reporter and quencher dye* on the 
opposite ends of an oligonucleotide 
jirubv., any eleavu^ that occur* will U* 
detected. When the quencher lx attached 
to an internal nucleotide, bviVjCL)nui& ihc 
probe works well ond other times 

not *o well (A3-6). The relatively poor 
performance of probe presumably 
means the probe is beiuu cleaved 3' 1<? 
the. quencher rothcr thnn hetwecn the 
reporter and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects uccuiuulHtiuu of PCR prod- 
uct In the -S' nuclease PCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dyc^on the 3' 
end may also provide a slight benefit in 
terms oi hybridization efficiency. 'Inc 
presence of a quencher attached to an 
internal nucleotide ihifthL be expeclcd to 
disrupt base-pairing and reduce the T m 
of a probe. In fact, a 2*C-3 P C reduction 
in '/•„, has been observed for two probes 
with internally attached TAMRAs, (9> This 
disruptive effect would be minimised by 
placing the quencher at the 3' end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

Tho combination of increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-amplified products 
from samples of different species. Also, it 
means that cleavage of probe during PCR 
is less sensitive to alterations In an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. Lee 
et al/" demonstrated that allcle-speclfic 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This aU 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AF5Q8 mutant. TheiT probes had TAMRA 
attached to the seventh nucleotide from 
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0»m V end and w*ro designed so thai any 
mismatches were between the reporter 
and quencher. Increasing the distance 
botwuwn reporter and qur.nchor would 
lessen the disruptive effect of mis- 
matches and allow cleavage of I he probe 
on the incorrect target. Thuit, probes 
with a quencher attached to an internal 
nucleotide may si 111 be useful for allelic 
rltKrrf mi nation. 

In this study lost of quonehlng upon 
hybridization was used to show that 
quenching by a 3 # TAMttA in dependent 
ou the flexibility of a sin^le-stranded oli- 
gonucleotide, The increase in reporter 
fluoresce: net intensity, though, could 
Also be uied to determine whether hy- 
bridization has occurred or not. Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite ends 
should also be useful as hybridization 
probes. The ability to detect hybridiza- 
tion In real time means that these probes 
could be used to measure hybridization 
Kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid- 
ist ion assays for diagnostics or other ap- 
plications. Bagwell Ct ai, UO) describe just 
this type of homogeneous assay where 
hybridization of a probe Causra an In- 
crease In fluorescence caused by a loss of 
quenching. However, they utilized a 
complex probe design that require* add- 
ing nucleotides to both ends of the 
probe scquwace to form two Imperfect 
hairpins. The results presented here 
deiiiumurdie that the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide and a tpicncher dye to the oihei 
«*nd generates a fluorogonic probe that 
can detect hybridization or PCR amplifi- 
cation. 
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We have developed a novel "real time" quantitative PCR method. The method measure* PCR product 
accumulation trough a duaHabeted Ihiore*enle probe (Lc., TaqMan Prote). This method prov Ides vary 
accurate and reproducible quantitation of gene copies. Unlike other quantitative PCR methods, rcal-Ume PCR 
does nor require poa-PCR sample handling, preventing potential PCR product carryover contamination and 
resulting in much faster and higher throughput assays. The reaMlm* PCR method has a very large dynamic 
ranee of starting target molecule determination (at lean five orders of magnitude). Real-time quantitative 
PCR is extremely accurate and less labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis has 
had an important role in many fields of biologi- 
cal research. Measurement of gent expression 
(UNA) has been used extensively In monitoring 
biological responses to various slimuii Clan el al, 
1991; Huang el al. I99$a,h; Prud'bomme ct al. 
1995). Quantitative gene analysis (DNA) lias 
bi-en used to ctalermine the genome quantity of a 
particular gene, as in the case of the human HJLK2 
gene, which Is amplified in -30% of breast tu- 
mors (Slamon al. 1987). Gene and genome 
quantitation (DNA and RNA) also have been used 
for analysis of human immunodeficiency virus 
(IUV) buTden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; Platak ct al. jvv:*to; 
Purrado el al. 1995). 

Many methods hav« been described for Tin: 
quantitative analysis of nucleic acid sequences 
(both for UNA and DNA; Southern IV/5; Sharp el 
al. 19KO; Thomas 1980). Recently, PCR has 
proven to be a powerful tool for quantitative 
nucleic acid analysis. PCR and reverse transcrip- 
tase (K'n-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has mode pos- 
sible many experiments that could not hove, been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 



that It he u*«U properly for quantitation (Nutty- 
maekc-TS 1995). Many. early reports of quantita- 
tive PGR and RT-PCR described quantitation of 
the PCR product hut did not measure: the Initial 
target sequence quantity. II is essentia] to design 
proper controls for the quantitation of the initial 
target sequences (Pcrrc 1992; dementi el al. 
100?.) 

KvN^hrchexs have, developed several methods 
of quantitative PCR and RT-PCR. One approach 
measures PCR product quantity in the log phase, 
of the reunion before the plateau (Kellogg ct al. 
1990; Pang ct a), 1990). This method requires 
that each sample has equal input amounts of 
nucleic- add and that each sample under analysis 
amplifies with ideul IcaI efficiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tained in all .samples at relatively constant quan- 
Wli**, such as- p-aetln) on be used for sample* 
amplification efficiency normalization. Usin« 
conventional methods of PGR detection and 
quantitation (gci electrophoresis or plate capture 
hybridization), it is exirtmcly laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for holh the target gene and the 

• normalization gene). Another method, quantita- 
tive competitive (QQ-PCR, has been developed 
and is used widely for PCR quantitation, QC-PCR 
rdics on the inclusion of an internal control 
competitor in each reaction (Becker-Andre 1991; 
Matak el al. 1993«,b). The efficiency of each re- 
action Is normalised to the internal competitor. 
a known am nun I of Internal competitor £an be 

onnrv 7nc« not r*« vvj «c:frT 7nn7/cn/7T 
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added to each sample. 'Jo obtain relative rjuant- 
ration, Ihc unknown larget VCR product is com- 
pared Willi the known competitor iK'M product. 
Success ufa quantitative competitive I'CU assay 
relifjw on developing an hmrrnul comruJ ll lol am- 
plifier with the same efficiency as ilic uugui niol 
ecule. The design of the compctUoi and the vali- 
dation of amplification efficiencies jequire a 
dedicated cffu/U However, because QC:-PCK does 
nut require that POtt piuducls be analyzed during 
the Jog phase- of (We. amplification, it is the. easier 
of Ihc l wo methods to use. 

Severn! detect ion system* uie uwil for quan 
Utative PCX and RT-PCU analysis; (1) agarose 
gels, (2) fluorescent labeling of PGU products and 
detection with lit.nrr-hulucrd HuurcAveiiee using 
capillary electrophoTusia (Puseo ct aJ. I995 r Wil- 
liams et al. 199<5) or acrylazuUlc gels, mid (3) plate 
capture* and sandwich probe hybrid i /.a lion (Mul- 
der el ah 1994). Although these method* provrd 
successful, each method requires posl-PCR ma- 
nipulations That add Time U) the analysis and 
may lead to hibumtuiy i uiilmriiiiatiun. The 
sample throughput uf these inrUmds i> limited 
(wilh lh»r i-xc.cpilon of the plate capture Ap- 
proach)' mnl, thttttifcw., these methods ore not 
well suited fuj u.scn demanding high sample 
throughput (I.e., scrcenliig of large numbers of 
bli)tiiwlvn.ul«A ui a oat y/. log SAmplva fox diagnua' 
tic* ;ir clinical I oaks). 

Merc we report the development of it novel 
it/way for quantitative DNA analysis. The assay is 
based on 1h* uir of the &' nuclease assay first 
described by Holland ct al. (1993;. The method 
uses the 5' nticlca.se. activity of 'l\uf polymerase to 
cleave a nonoctcndlblc hybridization probe dur- 
ing the extension phnmr of 1'OU- The nppmoch 
uses dual-labeled fluorogcnic hybridisation 
probes (Lcc ct id. 1993} Wutstor ct al. I9f>3; Llvak 
el al, l$9So,b). One. fluorescent dye serves us a 
reporter |FAM (i.e., (^carboxyfluoreavcm)l and its 
emission spectra is quenched by the second fluo- 
rescent dye., TAMRA (I.e.., o-carboxy-teuamethyU 
rhodaminc). The nuclease degradation of Ihc hy- 
bridization probe releases the quenching of Ule 
I'AM fluorescent eutisjilau, revolting in an In- 
crease In peak fluorescent emission at 5JB nm, 
The use or a sequence detector (AOJ Prism) allows 
measurement of fiuon-settm .spectra of all 96 wclh 
uf rhe thermal cycler continuously during the 
PCR amplification. Therefore, the reutlivii* aj* 
monitored in real time. The output data is de- 
scribed and quantitative ajuilyab uf input target 
I )NA sequences L5 discussed below. 



RESULTS 



PGR Product Detection if! Real Time 

The goal was to develop a high-throughput, sen- 
sitive,, and accurate gene quant hat Ion assay for 
use Jn monitoring lipid mediated tharapcuric 
gene delivery. A plasinld un coding human factor 
VH1 gene se<iu«nce, pI«8TM (sec Methods). w;is 
a*ted as a mooVI ilierapeutie ge.ne. The assay usr* 
fluorescent Taqman methodology and an instru- 
ment capable of measuring fluorescence in real 
time (Alii Prism 77(H) Sequence Hclector). Ihe 
Taqman reaction requires » hybrldbuttkvn probe 
Ial>cled with two different flu orescent dyes. One 
dye Is a report ur dy« (l^'AM), the otKcr i.< quench- 
ing dye (TAMRA). When the prol«: In lolact, fluo- 
icaccnt energy transfer occurs and the reporter 
dye fluorescent emission is absorbed by the 
quenching dye (TAMRA). During Die extension 
phase of the PCK cycle, the fluoresce!]! hybrid- 
bdr'iiloii prol>c Is cleaved by the 5'-'^' nuclcolyhc 
activity of the: DNA polymerase. On cleavage of 
the probe, the reporter dye emission Is no longer 
transferred efficiently to the quenching dye, re 
suit ii ik In an increase of the reporter tlyu- fluores- 
cent cmi.<uiltm frp^Ctro. PCH primers and prubtm 
were deaigned fi»i the Jjuman fhclor VI 1 J se- 
quence and human p-actln gene (as dc..icril>fcd in 
McthoUs). Optimization reactions were per- 
formed to choose the approprlute probe and 
magnesium concentrations yielding ihe I li^li^-s* 
inten.iity of reporter fluorescent signtil without- 
saerificing specificily. The Instrument uses a 
eh a vgc- coupled device (i.e., CCD camcrti) for 
mcasvulng the fluorescent emission apectni from 
FiOO to 6$0 nm. ICach POi tube was monitored 
setpientiaHy for 2& rn.%c« with ct>ntlnuous jnonJ- 
torhlg throughout th« aiiiplificatioii. liacll lube 

wan rr-exandncrd every »cc. Computer sofi- 
wjire. was designed Ui exuininr thr fluorescent In- 
tensity of both the reporter dye (PAM).and 
the quenching dye (TAMRA). The lluoresccnt 
intensity of the quenching dye # 'I'AMHA, clsangvs 
very lit tie over the course of the PCR amplifN 
cation (data not shown), Therefore, the Intensity 
of TAMltA dye emission serves as an internal 
standard with which to nomuilbic the reporter 
dyt: (PAM) emission variatJons. 71>e noftware ' eal- 
culnica *i value tvrmcd ^Rn (or using ihe 

roll owing equation: ARn - (IbV) (R"'")* where 
Kn 4 . enn»Mo!i intently \>t reporter/emission in- 
tensity of quencher at tiny given time In a retu- 
rton lube, and Ru -emission intensitity of re- 
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poncr/cm isMon )nu*n*ity uf quencher measured 
prior to rCK iiinpliiication in mat same reaction 
tube. l ; or the purpose of quantitation, the Usl 
three data points (ARiis) collected iiuring the. ex* 
tension step for each PC :K cycle were analyzed. 
The micleolylic degradation of the. nyundi^tion 
probe occurs during the extension phase or I'tai, 
and, therefore, reporter fluorescent uimajun in- 
creases during this time, 'lin: Uuw data point;* 
were averaged for each KJK cycle and the iiichu 
value for each was plotted in an "amplification 
plot" shown In 1'ljjure 3A. The AKn mean yalui' is 
plotted on the j^-axis, and time, represented by 
cycle number, is plot l eel on thvx-axis. During the 
early cycliw of the VCM a mpH flection, xhv ARn 



value remains at base line When sufficient hy- 
bridization probe has boon cleaved by the Tut} 
jxjlymcrasc nuclease activity, the intensity of re- 
porU-r fJuorciccrtl emission Inereutict. "Most \>CA\ 
amplifivMjonii reach »i plateau phnw of reporter 
f]uure*ce.iii omission If th«r reuuliun 1* carried out 
to high cycle nunilwis. The amplification plot 1* 
examined vaily iii th« reaction, at a point thai 
ic)>jcsents ihv log phase of product armmula* 
lion. This Is done by us&igning an arhitjiuy 
threshold thai is bnacd on the- variability of the 
bastsiiiie daKi. In ngurelA, the IhfftShoId whs set 
at 10 standard deviations above, the mean of 
base Unci emission i-alculated from trydo 1 lo 3 5. 
Once the threshold Is chosen, the point at which 
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Figure 1 PCR product detection in real time. <*) Thct Model 7700 Mjflware will construct amplification plots 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 
viation is determined from the data points collected from the base line of the amplification plo . , values are 
calculated by determining the point at which the fluorescence exceeds a threshold llmil (usually 10 times the 
standard deviation of the base line). <B) Overlay ot amplification plots of serially (1:2) diluted human genome 
DNA samolcs amplified with p-.ictin primers. (Q Input DNA concentration of lhe samples plotted versus L*. All 
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the amplification plot crosses the throsholdisde 
fined as C P C r is reported us the cycle number m 
this point. Ar will be demons! rut ud, lh« CL f .valor 
lit pietliujve of ihc quantity of input targe!. 

Cy Values Provide a Quantitative Measurement' oil"* 
Input Targer Sequences 

Figure IB shows amplification plots of li»'di'f fe- 
en I PGR amplifications overlaid. The amplia- 
tions were performed on a 1:2 serial dilution '«« 
human genomic DNA. line amplified target w:w. 
human p actJn. The amplification plotK Khifl to 
the right (to higher threshold cycles) ns the. input 
target quantity in reduced. '\hh is expected he- 
cuum rtMCttons with fewer starting eopuw of the 
target molecule require greater 'amplification to 
degrade enough probe to attain the Threshold 
fluorescence, An arbitrary threshold of 10 stan- 
dard deviations above the base line was used to 
determine the G r values. Figure 1C represents the 
C r values plotted versus the sample dilution 
value. Each dilution was amplified in triplicate 
P< % M amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C r values decrease linearly with Increas- 
ing target quantity. Thus, values can be used 
as a quantitative measurement of tlio input target 
number. It should be noted that the amplifica- 
tion plot for the 15,6' ng sample shown In Figure 
lfi does not reflect the same fluorescent rate of 
Increase exhibited by most of the other samples. 
The 15.6-ng sample also achieves endpoint pla- 
teau at a lower fluorescent vaJuc than would he 
expected based on the input DNA. This phenonv 
cnon has been observed occasionally with other 
samples (data not shown) and may be attribut- 
able to late cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
that tht» flattened slope and early plateau do not 
impact significantly the calculated C s value us 
demonstrated by the fll on Die line shown in 
Fi$un- 1 C. All triplicate amplifications resulted in 
very similar Cr values — the standard deviation 
did nut exceed 0.5 for any dilution. This experi- 
ment contains a > 3 00,000-fold range of Input tar- 
get molecules. Using G,- values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
quantitation. The linear range. oi iluorcsccnl in- 
tensity measurement of the AIM Prism 7700 Se- 
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merits over a very large r;mj;c nf r?Utivo ti^rtlng 
target quantities. 

Sample Preparation Validation 

Several parameters influence the efnclenry nf 
PC:R amplification; magnesium and sail concen- 
trations, reaction conditions (i.e., time and tem- 
perature), PCH target size and composition,' 
primer sequences, and sample puriTy, AlJ of The 
above factors are common to a single PCK assay, 
except sample 10 sample, purity. In an effort to 
validate the method of sample preparation for 
the factor VJil assay, P<JR amplification reproduc- 
ibility and efficiency ol JO rcpJicate sample 
pivjwrations were examined. After genomic DNA 
was prepared from the 10 replicate samples, the 
DNA was quamhatcd by ultraviolet spectroscopy. 
Amplifications were performed analyzing p-aciln 
gem: content in 100 and 2$ ng of total genomic 
DNA. Each PCK amplification was performed in 
triplicate. Comparison of C r values fur each trip, 
licate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Table 1). Therefore, each ol the triplicate PCU 
amplifications was highly reproducible, demon- 
strating that real time PCR using this instrumen- 
tation introduces minimal variation Into the 
quantitative PCU analysis. Comparison of the. 
mean C, values of the 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for p-ncltn gene quantity. The highest C T 
difference between any of rhe samples was 0.85 
and 0.73 lor the 100 and 25 ng samples, re.spc.c- 
lively. Adclitiona/ly, the amplification of each 
sample, exhibited an equivalent rale of fluores- 
cent emission intensity change per amount of 
DNA target analyzed as indicated by similar 
slopes derived from Ihc sample dilutions (Pig. 2). 
Any sample contaixiing an excess of a PCU inhibi- 
tor would exhibit a greater measured 3-actin G r 
value for a given quantity of DNA. In addition, 
the Inhibitor would be diluted along with ihu 
sample in the dilution analysis (Hg. Z) t altering 
the expected value change. Each sample am- 
plification yielded a similar result in the analysis, 
demonstrating that this method of sample prepa- 
ration is highly reproducible with regard to 
sample purity. 

Quantitative Analvsis of a Plasm id After 

7nc« no/ wj «c:m 7nn7/cn/7T 
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Table 1 . Reproducibility of Saroplo Preparation Method 



Samplo 
no. 



9 
10 

Mean 



100 ng 



25 ng 



standard 



standard 



mean deviation CV C T mean deviation CV 



18.24 

18.23 

18.33 

18.33 

18.35 

1ft.44 

78.3 

18,3 

18.42 

18.15 

18.23 

18.32 

18.4 

18.38 

18.46 

18,54 

18.67 

19 

18.28 

18.36 

18,52 

18.43 

18.7 

18.73 

18,18 

18,34 

18.26 

18.42 

18.57 

1 8.66 

0 io) 



13.27 0.06 

18.17 0.06 

18.34 0.07 

18.23 0.08 

18.42 0.04 

18.74 0.24 

18.29 0.12 

18.63 0.16 

18.29 0.1 

18.55 0.12 

18,12 0.17 



20.48 
20.S5 

0.32 20,5 20»$1 0.03 
20.61 
20.59 

03? ?0.41 70.^4 0.11 
20.54 
20.6 

0.36 20.49 20.54 0.06 
20.48 
20.44 

0-46 20.38 20.4 3 0.05 
20.68 
20.87 

0,23 20.63 20.73 0.13 
21.09 
21,04 

1.26 21.04 21.06 0.03 
20.67 
20.73 

0.66 20.65 20.68 0.04 
20.98 
20.84 

0,83 20.75 20.86 0.12 
20.46 
20,54 

0.55 20.48 20.51 0.07 
20.79 
20.78 

0.65 20.62 20.73 0.1 



0,90 



20.66 0.19 



0,17 

0.54 

0,26 

0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

0.16 
0.94 



tor containing a part la 1 cDNA for human factor 
Vlll, pl ; 8TM. A scries of trarisfccUons was sot 
up ustn§ a decreasing amoum of the plasmid v (40, 
A, 0.3, and 0.1 y,g). Twtmiy-roor hours poM- 
-trtiiMfetiion, total 1WA was purified from each 
flask of crib. p-Aclin grin: quantity wa* chosen as 
it value for norma I iiin of genomic DNA con- 
centration from each sample. In this expeiime.nl, 
(i-actm gene coniClll Should remain constant 
relative to total genomic DNA. Figure 3 .show* the 
result of (he p-actin UNA measurement (100 ng 
total DNA determined by ultraviolet spectros- 
copy) 01 each sample. Kach sample was analysed 
in triplicate and the mean p-actin C n values of 
the triplicates were, plotted (error bars represent 



I hf» titPM#*ST iliffrrrnrr 



bvtw4uii any iwo samplci moans was 0.9S C,, Ten 
nanograms of total DNA of yaeh sample were also 
rxauihicttl for p-actln. The results (igum slmwod 
that very similar amounts of genomic 1>NA were 
present; the -maximum mean fi actio value 
difference 1.0. As Figure 3 shows, the rule of 
0- act) n C r change Ixrtwccn the 100 and 10-ng 
sample* was similar (slope values ninjjw butwocrn 
3.56 anJ - 3,45). This verifies again thot ih'vt 
method of sample preparation yields samples of 
identical PCR integrity (i.e-, no sample contained 
an excessive amount of u PCR inhibitor). How- 
ever, these results indicate that cuch sample con 
talncd slight diffeiences in the actual amount of 
genomic 1>NA analyzed. Determination of actual 
uuuojjiic »)NA concentration was accomplished 
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Figure 2 Sample preparation purity. 1 he replicate 
samples shown In Table 1 wore also amplified In 
tripicate Rising 2S ng of each DNA sample. The fig* 
uie show* ihe input DNA concentration (100 and 
25 ncj) vs. C, In ih*» figure, ih^ 100 nnd Pf> ng 
points for each sample are connected by a line. 



by plolling the. mean £-ncb'n O, value obtained 
for eat:h 100-iig stunplu \n% a p-actln standard 
i.-uive (shown in J'ig. 4 <?.>. The actual genomic 
DNA concentration *>f each sumi>K*., was ob 
t dined Uy extrapolation to tliu X-;wdi. 

Figure 'I A shows the measured (!.it., n«n» 
normalised) quantities «f /actor VJJJ plasm id 
ONA (pJt&TM) /mm each* of the four transient cell 
Inn ^factions. Each reaction contained 100 ng of 
total sample. DNA (as determined hy UV spectro* 
copy)- 1! «ach sample wa.s analyzed in triplicate 



25 



> *4. 



22 



21 



20 



-» - 4.0 ftp 
— * - 0*3 MO 
k 0.1 HO 



r— 
12 



2.3 



1.43 U» 1.B 
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Figure 3 Analybh of Udiiifectcd cdl DNA quantity 
and purity. I he DNA preparations* of the four 293 
ceil transections (40, A, 0.5, and 0.1 fuj of pF8TM) 
were analysed for the 0-actln 9« r1e * 100 dnd 10 n 9 
(detcrmin d by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM that was transfected, the (d-actln 
C 7 values are plotted versus the total input DNA 



PC.U irmplifi cations- As shown, pI*'8TM purified 
Aoic Jbc 293 colls decreases (mean C, values in- 
t'rttti^j with decreasing amounts of plasmid 
ilruittirUcd* The mean C A values obtnmcd for 
pWTM in Tlyurc 4A were plotted on a standard 
curve comprised uf sciially diluted pKHTM, 
shown .in figure 4R. The* quantity uJ pl»KM, 
found in each of the four tranfifcctlom was do 
tcmnined by extrapolation to the x axh; of the 
standard curve In figure 4N. "Hutsc uncorrected 
values, b, for pKHTM were normMlUvd to deter- 
mine Uie actual amount of pl J 8TM femnd pur 100 
of genomic DNA by 'using Ilia equation:. 



/> x 10O ng 



ucUiul pf ; ft*lTvl copies per 
100 ng of genomic UNA 



where a actual genomic DNA in u sample and 
t- prB'lTvl copies from the standard curvv. 'n>e 
normal quantity of pL'BTM per 100 ng of ge- 
nomic ONA for each of the four 1 ransfccilonfl Is 
shown in Figure 4JJ. 'Hi ess result* .show ihfli ihc 
quantity r>f factor Vlll plasiulU iissocJd U*U wiih 
the 2V3 eellM, 21 hr afxer irwusfuclicm, di:t.i eases 
with Ucereasiiig pJttnumJ i.uiu.wiuiaiioo u.sccl hi 
the tramXcenion. The quantity of pi-B'i'M nswoeJ- 
atcu with 293 cells, after trunsfealon whh 40 jjog 
of piasmid, was 35 PSP^ n 8 gwoiiilc 1.>NA. 
Tills rcsulrs in -520 plaamid copies per cell. 



DISCUSSION 

Wo have described a new method for quantHnt- 
ing gene copy numbers using rcal-tlmc analysis 
of-PCJK. amplifications. Real-time J*CK is compat- 
ible with cither of the two K'M (KT-PCR) ap- 
proaehe>: (1) quantitative comrxtiitivi: where An 
Inteuiul euinivcllLor for each target .sequence is 
used for normalisation (data not shown) or (2) 
quantitative comparative PCH using a uuiuKtlizci- 
rion gene contained within the sample (i.e., |3-nc- 
tin) or a "housekeeping" genr. for RT-PCK, ff- 
equal amounts of nucleic ucM are analy/cd Ux 
each sample aiul if the amplification ef/iticru'.y 
before quantitative anaiysb ^ identical for each 
.sample, the tmunial cunhul (nujmali^ition gene 
or competittJr) should give equal signals for all 
•samples. 

The real-time PCU method offers several ad- 
vantages over the other two methods currently 
employed (see the Introduction). l : irst, the real-, 
time PCR m thod is performed in a do.scd-tube 
system and requires no post-PCR miinipulatlon 
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Figure 4 Quantitative anafyiiix of pFSTM in transfected tells. (A) Amount of 
plasmid DNA used for the trunsfection plotted againsi Hie incur* C, value deter- 
mined for pi*8TM remaining fa br aitcr Irunsfcctton. (fl;Q Standard Curves of 
pPRTM and fi-acdn, respectively. pfSTM DNA (0) and genomic f^N/S (Q were 
diluted <Arfally 1 i$ be/ore amplification with the appropriate primers. The p-pctin 
stand ard curve waif usod lo normalise the results of A to 1 00 ny of genomic DNA. 
(0) The amount of pF8TM present per 100 of genomic DNA. 



of sample. Therefore, I hi* po(er» ti«J for rCH con- 
lamination in the laboratory is red viced ..because 
amplified products can In; analyzed and disposed 
of without opening the reaction tubes. Second, 
this method suppoits ihc us« of a tiurmiilixiitlou 
gone (Lc., (3-nctin) for quantitative. PCR or house- 
keeping genes for quantitative RT-l'CU controls. 
Analysis Is performed in real time during the Jog 
phase of product accumulation. Analysis during 
)<.>K phase permits many different genes (over a 
wide input target range) to be analy/cd simulta- 
neously, without concern of reaching reaction 
plateau at different cycled. This will make uiuJll- 
tfene analysis assays much caMei to develop, be- 
cause individual internal uunpclllui* will not be 
necded for coch gene under analysis. Third, 
sample throughput will iuu^e Or ai uulUdJly 
with the new method because, there is no post- 
PCK proccrtsing lime. Additionally, winking In a 
^6-we.ll format is highly compatible wtth auto- 
uiation technology, 

The real-time PCR met hod is highly repir*. 
dueible. Replicant amplifications can be analyzed 



for <»ach sample minimising j>otentl«l error. The. 
system allows for a very large assay dynamic 
range (uppronehing 1,000,000 -fold starting Uu- 
gd). Ualng u Stamford curve for the -'target oi in* 
tercsi, relative.* copy number values can be deter- 
mined for any unknown rumple. Hun recent 
threshold values, C p courJair. linearly with rela- 
tive DNA copy numbers. Heal time quantitative 
UT-PCU methodology (Gibson et al., this Ijuiict) 
has also bean developed, finally, real time quan- 
titative Vdl methodology can be used to develop 
high-throughput screening aaaay-a for n variety of 
applications [quantitative gene capicaaiuii (RT- 
TCR), gene copy a3«ay» (Iter2, II1V, etc), ,gcno- 
typing (knockout mouse analysis), and hnmuno- 
PCK). 

Real-time P<-U may al.%o he performed using 
intercalating dyes (Hlguc.hi ct ul- such as 

efhJdium bromide. The fluorogenic probe, 
method offers a mafor advantage over inter- 
calating dyes- greater specificity (i.e., primer 
dimvrs and nonspecific PCR products are. not de- 
tuned). 
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METHODS 

Generation of a Plasmid Containing a Partial 
cDNA Tor Human Factor YHI 

Total RNA w<o harvested (KNAko* \\ (mm Tel Tcst f Inc., 
rnendawood, TX) from cu)l> » »*i»*feeietl wtth a foetur VI 11 
expression rector, pClSZ-lkaS I* (Kaiun el »t- IVHG; Got', 
mnn a at. 1900). A factor VIII i»artlai chNA wvpiemv W«S 
^.K.rnicd by in* K:tt ICioaeAmp l<Z tTth ItNA PHI KH 

(pan NtttiR-cnvs, rt Applied isiosyucim, Vo*uu <<hy, tw\)J 

using the Vt:n |>riuiurs VHlor miuI l-TUx-v (priim'r sequence* 

are shown below). Hie ampllcou was feampiiOed oalng 
modified I'tifor fmd i^rcv primers (itpix'nded with riawlll 
and HimWW restriction site sequences «» iliv V <fi»«U 
clonal lt)lo p<j]'.M- 3Z (Trcm^ii Corp,. Madison, Wi). The 
resulting clonr, pPSTM, was used lor transient transfeaion 
of Z'JS cdU. 

Amplification of Target DNA ami Duiecilon of 
Amplicon Factor VIII Ptasmid DNA 

(pwrrM) was amplified- with the Mtfur 5'-c;t;c!- 

crma;AAtiAUXUAt;iHCnV,.3' and Wrcv .v-aaa<:c;i-- 

i;AOCXrrCKiATC«jTArtC-3\Tlie rvnclUm pfodueed w 

k:k product. We forward primer was deigned to teo 
ognlxe u unique seipieme fimnd \t'i the .V untranslated 
region of the patent uCiS2,tk23l> pldMoHl mid therefore 
does hoc jvm'K nL ' A '' amplify ihv human factor VIII 
gems l'rimnrfi wore chosen with the av*i*t«»"rf» of I he oom. 
pulcr program Olifco ^,0 (Nutioiud ltiu^eionecs, Ine„ Ply. 
mouth, MN). The luiman p-actt« gene whs amplified with 
llic prliiient fj-tietin forward primer S'TCACOOACA* ri'(!T 
GCCCATCnWCXiA-.V and fl-actin reverse p<iwr V.CAC 
CGOAACCX^ri'CA ri (;C(^A'J'GG-3'. The reaction pro- 
ducts o 295' hp vCM product. 

Amplification reactions (SO pj) contained a PNA 
sample, K)x l»<;n Kuffe.r II (»S n-l), 200 dATJ 1 , dCTl\ 
dOTP, and 400 \km dim 1 , 4 mu MgCI ? , Units AmpH 
7Vi<; r;NA polymerase, 0.5 unit AmpKrnse uracil rt-gly- 

eosylusc <UNC), 50 pinole of each faciei VUI jtIiOvi, unci 15 
p*in»U- tif uut'.li |< Actio pdmcr, '11 lo K-at-llwov alwi i»mlalocd 
OIK Of (hv foM^wIng dt*k*<Mloil prolu's (MM) om rnt*l»)i 

i'8jirt.>b<> A'(i'AW)Ac:friYrj'c:c:At:cyr<ifrn(:'rm:rtrr- 

GCCTT(TAMRA)p 3' «ud p-ntiiit probe 5' (FAM)A10CX:C- 
X(TAMKA)C0CCr:ATCCCATr-p-3' where p indicates 
phnnphoryl/ilion nndX Indicates a linker arm nucleotide-. 
Rene Lion Kiln:* wen* M i«in» A mp Optical Tubes {part AUJTI- 
IhtNKOI OO.'tX, Tcrldn lUawt) thai were fro med (id IVrliin 
Plnicr) pro-oil liyfd from /cflcctlo^i Tul*c COpi Were 
iiniilnr to Micn>Aotp linpa bul ipccially dwiRncd lo pre- 
vent light scut (wring' All rd lli<- ain/(u?tUil>U'» were su>w 
l*\WA V*y PK Applied lWofiytttem? (IWor <*!Ky, CA) except 
the fan«r VIU prliuera, wJik-h wne ayntlieslzed at Ccnen 
tech, Inc. (South 5«n Frunclsco, CA). Prohev wot dcsi^ni-d 
using the Oliyv 4.0 software, folluwlnn giitclcplliiuu kuj;- 

KCMcfl in me Model 7700 .Sequence Peurtor lit.iuuiiienl 
manual. HrlcHy, probe T m iJimjUl be nl Icoat 5 U C Jll^hrr 
mail the anneulliiK teiiiMVMlure ua«I durl/ij; Ihrrmul cy- 
rlttigi primers sli»\»ld aoi tuim *Uiblv dtiplexes' with Oh- 
prone. 

The then ii4i I ey cling CondiUoivs Included 2 jiiIii dt 
50 V C and 10 niin at 95"C 'llinriiial vyding proceeded with 
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reactions were Iterfoniivd bi the- Model 7700 Sequence W- 
t«tor (PU Applied Uiosysluuiw), which conuhis a-Gcne. 
Amp l»<:U SyMvm U<:ai:llon cemdition^ vw< rr pvo» 

grutiiiuvxl un j I'www MacinU»li V100 (Apple UniM*"***'. 
Ronta Claru, C^V) linked directly to the Model WOO .V- 
cjuciiw !><4locior. AnaV* u of d!lU w ** alw>1 l>' iH, " f,n,, d on 
the Mcintosh computer, f*.ollnrttoti and analysis toflwurc 
w»» Oevdopod jh 1*K AppIkM.1 niofiyxtutus. 

Traiwfectidn of Cells with Factor VIII Construct 

Four T17.S flasks of 293 ceils (ATCCt CZKI. J57H), ?» human 
fetol Iddney vuttpeiiftion cell line, were Hrnwn lo 80% coi> 
llweney Aftwl iranjfciled pt'KI'M. Cells were grown in tiie 
Allowing medim S0% HAM'X HI 2 without OUT, lt»w 
glucose nvdlKaw^ tnodlfirri Kq«Jc medium (]}MI ; .M) with- 
out glycine wiUi sodium bicarbonate, 10% Jet<»l buvinc 
siTUin, 2 mim u^IuldinliK, and 1% penioiliii-sdrcptcimy- 
tin. The media vtw <d«mfjcd 30 mln the Iransfcc 

lion, pl ; UTM DNA amounttt of 40 f 4, OS, and 0.1 ^ were 
ttUitcMl tt) l.A ml of n solution containing 0,125 m CjxCA ? ; 
and 1 x I! MI'S. The four mixture* were left at room tern- 
(jcmture (ft lO mln ai>d theti adde»l dmpwlAt* to d»c cells. 
Tliv n»>k* ^viv/iiiLubatod al 37 ft C and C:O s for 24 hr, 
washed with PltS, jmcl nw U !*pe.ndcd In PUS. The toititM 
jAMidi^l cclln were divided into vlupioU uiid 0NA WAd 
twtcited Inimedlutelyusins UivQIAainp W**»k1 Kit (Qlagen. 
Qjttt worth, DNA w ( i.> eJuled into 200 uf 20 utM 
IVta-llCJ tttpJl H.0, 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISPS, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracyline repressible promoter, and (h) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q24.3. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to >30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISPS 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to >30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
"kinase activity of the normally constitutively active glycogen 
synthase kinase-3j3 (GSK-30) resulting in an increase in 
|3-catenin levels. Stabilized j3-catenin interacts with the tran- 
scription factor TCF/Lef 1, forming a complex that appears in 
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the nucleus and- binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
0-catenin levels (9). APC is phosphorylated by GSK-3/3, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account, for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-0 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin {Xtwn\ zndsiamois 
(2). A recent report also identifies c-myc.as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, WISPS. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
*To whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 u,g of poly(A)" RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 pig. 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP-1 were isolated by screening a AgtlO mouse 
embryo cDN A library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
. coding full-length mouse and human W1SP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDN As. encoding WISP-3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 uM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-ampIified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), S W620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. . 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the ceil lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2 (Act) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
. a-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The ^/'-specific signal was 
normalized to that of the gIyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. I A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on j3-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts, of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of ~40,000 (M T 40 K). Both have 
hydrophobic N-terminal signal sequences,. 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 2A). 

Full-length cDNA clones of mouse and human WISP-2 were 
. 1,734 and 1,293 bp in length, respectively, and encode proteins 
■ of 251 and 250 aa, respectively,. with predicted relative molec- 
ular masses of ~ 27,000 (M r 27 K) (Fig. IB). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Fig. 1. WISP-l and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 fig) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP-1- specific probe 
(amino acids 278-300) or a 190-bp WISP-2-spcc\fic probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human 0-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1 . 

Identification of WISPS. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISPS cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3A). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISPS are novel sequences; 
however, mouse WISP-1. is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoorico- 
gene nov. CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-jS (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the . modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (5) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six. of the 10 cysteine residues (Fig. 3 A and 5). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig, 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WlSP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had. a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WlSP-3 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISPS and WISP-2, Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 




Fig. 4. (A , C, E, and G) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B), 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-I, however* was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (E and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and ff). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
' 3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novR family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23'and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and £). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISPS in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one {P — 
0.166). In addition, the copy number of WISPS was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP- 1 genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 >xg) 
digested with £c<?RI (WISP-1) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISP-3 RNA' was overexpressed in 
63% (12-/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISP-3 ranged from . 
4- to >40-fold. 

DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a ' tetracyline-repressible promoter, and the second was in 
Wnul transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., 0-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through /3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-jS, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a v fo serves as . 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-J31, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP- 1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISPS RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and j3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic )3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. 
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We have developed a novel "real time" quantitative PCR method. The method measures KCR prortnrt 
accumulation through a duaHabeled uuorogente probe (i.c., TaqMan Pro!*). This method provides very 
accurate and reproducible quantitation of gene copies. Unlike odier quantitative PCR methods, real-time PCR 
does nor require post-PCR sample handling preverulng potential PCR product carryover contamination and 
resulting in much faster and higher throughput assays. The ™U\m PCR method has a very large dynamic 
ranee of starting target molecule determination (at but five orders of magnitude). Real-time quantitative 
PCR is extremely accurate and less labor-intensive than airrenc quantitative PCR methods. 



Quantitative nucleic acid sequence analysis lias 
had an important rule in many fields of biologi- 
cal research. Measurement of gent expression 
(RNA) has bftttM used extensively In monitoring 
biological responses to various slimuii (Tan el aL 
1994; Huang el al. I995a,b; l'rud'hoinmc et at. 
1995). Quantitative gent? analysis (DNA) has 
bfCii used to dr.itirmine the genome quantity of a 
particular gem*, as in the case of the human HER2 
gene, which Is amplified in -30% of breast tu- 
mors (Slarnon e.1 al. 1987). Gene and genome 
quantitation (DNA and RNA) also have been used 
for analysis of human immunodeficiency virus 
(luV) burden demonstrating charges in the lev- 
els o( virus throughout the different phases of the 
disease (Connor et al. 1993; J'lwtak ct al, ivsMb; 
Furtado et al. 11195). 

Many methods have been described for the. 
quantitative analysis ot nucleic .acid sequences 
(both for RNA and DNA; Southern 19/6; Sharp ct 
al. 19K0; Thomas 19H0). Recently, PGR has 
proven to be a powerful tool for quantitative 
nucleic acid analysis. PCJR and reverse transcrip- 
tase (KT)-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little a* one ce.ll equivalent). This has made pos- 
sible many experiments that could not hove, been 
performed with tradilional methods. Although 
PCR has provided a powerful tool, it is imperative 



thai it be uacU properly for quantitation (tt»«y- 
maekers 1995). Many early reports of quantita- 
tive PCR and R'lVPCR described quantitation of 
the PCR product but did not measure the initial 
target sequence, quantity. II is essentia] to design 
proper controls for the quantitation of the initial 
target sequences (Fcrrc 1992; Clement I ci al. 
100?.) 

KeNfcurchcrs have developed several methods 
of quantitative PCR and KT-l'CR, One approach 
measures i'CR "product quantity in the log phase 
of the read ion before the plateau (Kellogg et al. 
1990; Vang ct a). 1990). This method, requires 
dial each sample has equal input amounts of 
nucleic add and that each sample under analysis 
amplifies with idv-uUcd efficiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tained in all samples at relatively constant quart - 
IhStttf such as p-aclln) t:an be us«d for sample* 
unii'hTication efficiency normalization. Using 
conventional methods of K;R detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples tire analyzed during the log phase 
of the reaction (for both the taTgel gene and the 
normalization gene). Another method, quantita- 
tive competitive (QC)'PCR, has been developed 
and Is used widely for PCR quantitation. QC-l'CR 
relics on the inclusion of an internal control 
competitor in each reaction (Becker-Andre 1991; 
Hatak ct ah 19$3*,1>). The. efficiency of each re~ 
action is nomiultecd to the internal competitor. 
a iMinwn mm unit of Internal competitor can be 
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added \o each sample. To obtain relative n,"&ni- 
ration, the unknown larget VCR product is cum* 
pared with the known competitor 1>CK product. 
Success of a quantitative competitive I'CK assay 
relies on Developing an Internal control lliol am- 
plifies with IhC same efficiency as the Uugul mol- 
ecule. The design of the competing and the va)l- 
aaiion of amplification efficiencies jcquJrc a 
dedicated effort. However, because QC—rCK does 
not require (bat PC-K juihIlicIs be analyst*! during 
the log phase of the. amplification, it is tin; easier 
of (he two methods to use. 

Several detection Kystcui* uie used for quan 
Utative l'CR ami UT-PC:n analysis; (1) agarose 
gels, (2) Xiuurroccxil labeling ofPCU products and 
detection with la.iKT-iuduccd fluorescence using 
capillary electrophoresis (Kasco ct aJ. 1996; Wil- 
liams et al. 1996) or acrylamide gels, and (3) plate 
capture and sandwich probe hybridisation (Mul- 
der el ah 1994). Although these methods provrd 
successful, each method requires pobt-l'CK ma- 
nlputarlons that add time to the analysis and 
may lead to labuiatoty ^ on In m i nation . The 
sample throughput of these method* i> Ibnltcd 
(wii)i the i-xccpilon of the plate capture ap- 
proach), and, therefore, these methods ore not 
well suited fin u>er» demanding high stun pic 
throughput (I.e., screening of large numbers of 
Muinwl^u]^ ui analysing rtamplva ii« diagnos- 
tics or clinical trials). 

Merc we rvport the development of ii novel 
iiMfty-for quantitative DNA analysis The assay is 
I rosed on 1h<? u*«-of the &' 'nuclease assay first 
described by Holland et al. (1991), The method 
uses ihe 5' tniclca.se activity of 7Yj</ polymerase to 
cleave a noncxtcndlblc hybridization probe dur- 
ing the extension phnar of 1'CU. The, approach 
uses dual-labeled fluorogenic hybridisation 
probes (Lcc ct a). 1993; Hauler ct ah 1993; hivak 
H ui, )996a,b). One fluorescein dyv icrws as a 
reporter |FAM (i.e., (^carboxyfluorcdccin)l find it* 
emission spectra is quenched by the second fluo- 
rescein dye, TAMRA (I.e., 6-c.irboxy-tetramethyl- 
rliodaminc). The nuclease degradation of the hy- 
hrldf/Jittini probe releases the quenching of Ihe 
I'AM fluorescent emission, resulting in an In- 
crcase in peak fluorescent emission at 51 B nin. 
The use Of <i sequence detector (AUi Prism) allows 
measurement of fluorescent spectra of all 96 wells 
of the thermal cycler continuously during the 
l*CR amplification. Therefore, the reaction* inc 
monitored in real lime The outpui data ts de- 
scribed and quantitative analysis of input target 
I )NA sequences is discussed below. 



RESULTS 



PGR Product Derecrion in Real Time 

The goal was to develop a high-throughput, sen- 
sitive, and nccuratc gene quant hat Inn away for 
use in monitoring lipid mediated therapeutic 
gene delivery. A plasinld encoding human factor 
Vlli gene sequence, pI'8TM (see Methods). w;ix 
used as a model ihcrapcutic gene. The assay use* 
fluorescent 'l 'a qui an methodology and an instru- 
ment capable of measuring fluorescence in ro;il 
time (AB1 Prism 7700 Sequence Deicdnr). The 
Tatpuan r*;acilon requires » hybridization prnhc 
labeled with two different fluorescent dyes. One 
dye ii a reporter dy« (h'AM), the other ix X quench- 
ing dye (TAMRA), When the probi: is in lad, fluo- 
icsccnt energy transfer occurs and the reporter 
dye fluoresce Tit emission is absorbed by the 
quenching dye (TAMRA). During the extension 
phase of the PCK cycle, ihe fluorescent hybrid- 
l/JtiUui probe Is cleaved by tlie 5'-.V nueleolytic 
octivity of thr DNA polymerase* On cleavage of 
the probe, tlic reporter dye emission is jk> longer 
transferred efficiently to ihe quenching dye, re 
suiting In un increase of the reporter dyu I'luorCfc- 
ccot omt.ixioji «*p«Ctra. PCR primers und proUuN 
were deslgiitnl foi lliu Jjuman fiiclor VUJ se- 
quence and human p-actln gene (a.t dtvicribfcd in 
Methods). Optimization reactions were per- 
formed to choose the appropriate probe und 
magnesium concentrations yielding ihe highlit 
Intensity of reporter fluorescent sigiml without 
sacrificing specificity. The InMrumenl uses a 
chargc-cotipled device (U\~, CCD camera) for 
measuring the fluorescent emission speelru from 
500 to (»$0 mti, ICach PCU tube was monitored 
setjuentially for 2f> rn.suc with continuous moni- 
toring throughout the amplification. Uach lube 
wa.% rr-cxamlncd every »ce. Computer sofi- 
wjire. was designed to examine the f hi orescent In- 
tensity of both the reporter dye (KAM).and 
the quenching dye (TAMIIA), The Huorcsccnt 
intensity of the quenching dye, TAMKA, changes 
very little, nver the course of the PCR ampllfh 
cation (data not shown). Therefore, the Intensity 
of TAMKA dye omission serves hk an internal 
.tluiidurd with, which to norm idly*! the reporter 
dyu (FAM) emission variatJons. T1>e. soft ware cal- 
culates a value u;rmcd AKn (or AJ^Q) using the 
following equation: ARn - (Un J ) where- 
Hn 4 . etnJs»lon inlcjisily of lOporler/cmission in- 
tensity of quencher al any given time in ft reac 
rion tube, and Ru :- emission intensility of re- 
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poncr/omission imemily uf quencher measured 
prior lo TCK iii«plilication in that same unction 
tube. l ; or the purpose of quantitation, the \m 
three data points (AKns) collected during The. ex* 
teusiOil step for each K!K cycle were analyzed. 
The mideolylic degradation of the hyuiidiy.*tion 
probe occur* during ihe exicns;un phase or rtav 
and, therefore, reporter fluorescent emmum in- 
creases during this time, 'nut iiucu data points 
were averaged for each I'Ck cycle and the menu 
value for each was plotted in an "amplification 
plot" shown In J'itfurc 3 A. The dKn mean value S* 
plotted on Ihe j'»axii;, and Time, represented l>y 
cycle number, is plotted on thv*-axi*. Dicing the, 
«arJy cycles of Ihe VCR amplification, the ARn 



value remains at base J J no When sufficient hy- 
brid? /aUnn probe has boon cleaved by the Tat] 
polymerase nuHfcft&e activity, the intensity of re- 
porter flvioTCLiccm emission iuerewwi.. Most POU 
ainplifiuiUons reach u plateau phone of reporter 
fJuureH\tiit omifision if the reweliwn Is carried out 
to high cycle uui»Ih:in. The amplification plot I'J 
exunihual eaiiy in lh«t fraction, at a point lhai 
■ cprcscnts ihe l6g phase of prodinrl arnnnula* 
lion. This is done by assigning an aibUjiiry 
threshold that is bused on the variability of the 
base-line dyU. In Figure. 1 A, the threshold wh* set 
at 10 standard devUiUoiiN above, the mean of 
Viaew line eniisvKin calculated frorn cydch 1 lo Tfv 
Once the threshold Is chosen, the point at which 
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Figure 1 PCR product detection in real time. {A) The Mod I 7700 Mjflware will consiruct amplification iploti 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 



viation is determined from the data points collected from the. base line of the amplification plot values are 
calculated by determining the poini at which the fluorescence exceeds a threshold limil (usually 10 times the 
standard deviation of the base line). (B) Overlay of amplification plots f serially (1:2) diluted human genomic 
DNA samples amplified with B-actin prim rs. (C) Input DNA concentration of ihe samples plotted versus C. T . All 
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the amplification plot crossed the thresholds de 
fined as C,. C r is reported us the cycle number 
this point. As will be demons! rutod, tho C ( value 
Is jnedl^Live of ihc quantity of input target. 

Cj Values Provide a Quantitative Measurement, of 
In pur Targer Sequences 

Plgurc IB shows amplification plot* of 1 indiffer- 
ent PGR amplifications overlaid, The amplify 
tions were performed on a 1:2 serial dilution ^ 
human genomic JWA. 'l*hc amplified targei wn* 
human P «etin. The amplification ploht Khifl to 
the right (to higher threshold cycles) na the input 
largol quantity is. reduced. 'Jim is expected he- 
vuwm rtmettonK with fewer starting mpicw of the 
target molecule require greater amplification to 
degrade enough probe to attain the Threshold 
fluorescence, An arbitrary threshold of 30 stan- 
dard deviations above the base line was used to 
determine the O r valuer. Figure 1C represents the 
C r value* plotted versus the sample dilution 
value, Each dilution was amplified in triplicate 
PC :R amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C T values decrease linearly wjth increas- 
ing target quantity, Thus, C v values can be used 
as « quantitative measurement of tlie input target 
number. Tt should be noted that the amplifica- 
tion plot for the 15.6* ng sample shown In figure 
1H does not reflect the same fluorescent rate of 
increase exhibited by most of the other sample*. 
The 15.6-ng sample also achieves Midpoint pla- 
teau at a lower fluorescent vaJue than would be 
expected based on the input PNA. This pheiuwi- 
cnon has been (Served occasionally with other 
samples (data not shown) and may be attribut- 
able to late, cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
that the flattened slope and early plateau do not 
impact significantly the calculated Oj value as 
demonstrated by the fll on tlie line shown m 
Figure. 1 C, All triplicate amplifications resulted in 
very similar Or values— the standard deviation 
did not exceed 0.5 for any dilution. This experi- 
ment contains a >l 00,000-fold range of input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
quantitation. The linear range oi fluorescent In- 
tensity measurement of ihc MM Prism 7700 Se- 
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mights over n very large T;mj»<» nf TfUtivo starting 
target quantities. 

Sample Preparation Validation 

Several parameters influence the ef'Hetenry nf 
PGR amplification: magnesium and salt conceit- 
nations, reaction conditions (i.e., time and tem- 
perature)* PCU target size and composition, 
primer sequences, and sample purity, All of The 
above (actors are common to a single VCR assay, 
except sample to sample purity, in an effort to 
validate the method of sample preparation for 
the iacior Vili assay, PCK amplification reproduc- 
ibility and eiflcJency ol 10 replicate sample 
]>re|>aratiOTiR were examined. After genomic DNA 
was prepared from the 10 replicate samples, the 
DNA was quantUatcd by ultraviolet spectroscopy. 
Amplifications were performed analyzing p-aciln 
j4e.n1: content in 100 and ZS ng of total xenomic 
DNA. fcach VCR amplification was performed in 
triplicate. Comparison of C r values for each trip, 
licate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Table 1). Therefore, each ol the triplicate VCR 
amplifications was highly reproducible, demon- 
strating that real time VCR using this instrumen- 
tation introduce* minimal variation Into the 
quantitative J'CR analysis. Comparison of the 
mean C a values of the 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for p-actin gene quantity. The highcsl C T 
difference between any of the samples was 
and 0.7] for the 100 and 25 n« samples, respec- 
tively. Additionally, tht? amplification of each 
sample, exhibited an equivalent rate of fluorcv 
cent emission intensity change per amount of 
DNA large* analyzed as ihdicaied by similar 
slopes derived from (be sample dilutions (Fig. 2). 
Any sample containing an excess of a i'Ck inhibi- 
tor would exhibit a greater measured (3-actJn G r 
value for a given quamUy of DNA. In addition, 
the inhibitor would be diluted along with lint 
sample in the dilution analysis (l-ig. Z), altering 
tlie expected c;,. vaJuc change. Each sample am- 
plification yielded a similar result in tlie analysis, 
demonstrating that this method of sample prepa- 
ration is highly reproducible, whh regard to 
sample purity. 

Quantitative Analvsis of a Plasmid After 
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Table 1 . Reproducibility of $«mpl« Preparation Method 



1 



10 



Mean 



100 ng 



Sample 

no. C T 



standard 
rn^an deviation 



CV 



18.24 
18.23 

18.33 

18.35 

1 RA4 

18,3 

18.3 

18.42 

18,15 

18.23 

18.32 

18.4 

18.38 

18.46 

18,54 

1 8.67 

19 

18.2B 

18.36 

18.52 

18.45 

18.7 

18.73 

18.18 

18.34 

16.26 

18.42 

18.57 

1 8.66 

0 10) 



13.27 0.0$ 

18>V 0.06 

18.34 0.07 

18.23 0.08 
0.0A 

18.74 0.24 

18.39 0.12 

18.63 0.16 

18.29 0.1 

18.55 0.12 

18,12 0.17 



0,32 

03? 

0.36 

0.46 

0,23 

1.26 

0.66 

0.83 

0..M 

0.65 
0,90 



20.48 

20.55 

20.5 

20.61 

20.59 

20.41 

20.54 

20.6 

20.49 

20,48 

20.44 

20.38 

20.68 

20.87 

20.63 

21.09 

21.04 

21.04 

20.67 

20,73 

20.65 

20.98 

20.84 

20.75 

20,46 

20.54 

20.48 

20^79 

20.78 

20.62 



25 ng 



standard 
mean deviation 



20,51 



?0.S4 



20.43 



20.73 
20.66 



0.03 
0,11 



20.54 0.06 



0.05 



20.73 0.13 



21.06 0.03 



20.68 0.04 



20.86 0.12 



20.51 0.07 



0.1 
0.19 



cv 

0,17 

0.54 

0,28 

0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

0.16 
0.94 



tor txuitaining a partial cDNA for human factor 
vih, pi-8TM. A scries of tninsfcctions was sot 
up using a decreasing amount of the plasmid v (40, 
A, 0.5, and 0.1 pig). Twenty-four hours poM- 
twnsfci tion, total H)NA was purified from each 
flask uf crllb. p-Aclin gene quantity wa* cIjumtm ^l^ 
a value for normalj/iat it in of ^-numic DNA con- 
centration from each sample. In this expnimunt, 
p-actin gene content should remain constant 
relative to total genomic DNA. Figure 3 shows Ujc 
result of the-p»actln UNA measurement (100 ng 
total DNA determined by ultraviolet spectros- 
copy) Ot' each tfuuijile. Kach sample was analysed 
in triplicate and the mean |4-actin Gy values of 
the triplicates were plotted (error bars represent 



betwtoi any iwo sample moans was 0.9S C n J en 
nanograms of total UNA of each sample: were also 
examined for iVaclin. The results again shwwed 
that very similar amounts of genomic 1>NA wore 
present; the maximum mean p actin C: t value 
difference was 1.0. As Figure 3 shows, the rule of 
p-actin C|. djungc between the 100 and 10-ng 
sample* was similar (slope values rangu butwoen 
3,56 and -3.45). This verifies again th«( the 
method of .sample preparation yields samples of 
identical PO.R integrity (he-, no sample contained 
an excessive amuunl of a PCR inhibitor). How. 
ever, these results Indicate that each sample con 
taincd slight difk-ienc.es in the actual amount of 
genomic 1>NA analyzed. Determination of actual • 
kuiiojjuc ON A concentration was accomplished 
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Figure 2 Sornple preparation purity. 1 lie replicate 
samples shown In Table 1 wore also amplified In 
triptcate using 2S ng of each DNA sample. The fig- 
ui* shows die input DNA concentration (TOO and 
2% ng) vs. C, In irw* firjiirp, imp 1O0 and 75 ng 
points for each sample are connected by a line. 



by plotting the mean £-actio C, value obtained 
for «ai:h 100 ng SHinuJv wn a ft-aclin standard 
i.-urve (shown in Pig- 40). The actual genomic 
DNA conceiitr;i<!<»> of each sum pit;, «, was ob 
talned by extrapolation to thu *;»di, 

Figure 'I A shows the measured (i.e., iu>n» 
normalised) quantity of factor VIJ) plnsnnid 
ONA (pJ'STM) from each of «lu; four transient cell 
tr*"$fccUon». Each reaction contained 100 tiff of 
total sampta UNA (as determined by UV spvetros- 
copy), llach sample w;is analyzed in triplicate 
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Figure 3 Analyst* of tidnsfectcd cdl DNA quantity 
and purity. I he DNA preparations of the lour 291 
cell transections (40, 4, 0.5, and 0.1 ng of pF8TM) 
were analyzed for the 0-actln 9 ene - 100 dnd 1 0 n 9 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM that was transacted, the (3-actln 
C T values are plotted versus the total Input DNA 



!>C:U amplifications. As shown, pFBTM purified 
>fujic Jhc 203 cells decreases (mean C, values in- 
erutwttij with decreasing amounts of plasm Id 
,truitsU'Ucd- The ine»n C L values 'obtained for 
prWTM 'in 'Figure 4A were plotted on ;i standard 
uurve comprised uf sciiully diluted pKHTM, 
shown Ay\ figure 4B. The quantity ul pl-KTM, h, 
found in each of the four iron sleet ions was de- 
termined by extrapolation to the x axlfc of the 
standard curve In l'igure 4H. Thttse uncorrected 
values, b, for pFKTM were nor in allied to del er- 
mine the actual amount of pl'STM found per 100 
riK of genomic DNA by using Ihe equation:. 



f> x 100 ng 



UCtiiid pI'fi'lTvl copies per 
* 100 of genomic DNA 



eora 



where a •- actual genomic DNA in u sample and 
b ^ prB'FM copies from the standard curve, 'il»e 
notmsxlir-cd quantity of pl'B'i'M per 100 ng of ge- 
nomic DNA for each of the four 1 ranged lon.s is 
shown in Figure 4JJ. 'Hie„se roull^ shoyt mai ihc 
qunntlty of faaor Vlll plasmid iisswiated wiih 
thO 29.1 CttllH, 21 lir after trujusrvUicin, Ui:i.it:.iSC 
with dcu'retisliij; pjti^niul i.tiuLAiiHiatJon u.^cd hi 
the iransfctiion. The quantity of pFBTM nssoeJ- 
atea wJih 293 celks, after trumfection with 40 ixg 
Of pii^mid, was 35 pgp^r 100 ng genomic DNA. 
Tills results in -520 plasuiid copies per evil. 



DISCUSSION 

We have described a new method for qunntitiit- 
infc gene copy numbers using ttaMlmc analysts 
of PCR ampHficatlonx. Real-time \*CH is compat- 
ible with cJthe.T of the two PCR (KT-T*CR) ap- 
proache>: (1) quantitative compeiitivt: wi>crc An 
inteuiid cuinpeliior for each target sequence is 
used for norrnaliscadon (data not shown) or (2) 
quantitative comparative PCH using u miuiutli^ci- 
tt cm gene contained within the sample (i.e., |3-nc- 
tin) ox a "housekeeping" gene for RT-PCK. Ff 
equal amounts of nucleic acid are analyzed for 
each sample and if the amphflcallun effiiirru*.y 
before quantitative an«iysb is identical for each 
sample, tlie tTirernai cunttol (nujmali^itiou ^ene 
or competitor) should ftlvc equal mkuuIs for all 
samples. 

The real-lime PCU method <;ffcrs several ad- 
vantages over the other twtj methods currently 
employed (see the Introduction). First, the real- 
time PCJR method is performed. in a doscd-tube 
system and requires no post-PCR manipulation 
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Figure 4 Quantitative analyfciie of pFSTM in transfected cell*. Amount of 
plasmid DNA used for the trunsfectlon pfottcci against the ttniiin C, value deter- 
mined for pOJTM remaining £4 br after t run sfection. (fl,C) Standard curve* of 
pPATM and (i-actin, respectively. pfftTM DNA (0) and genomic [)|NA (Q were 
diluted *Grfally 1 :S before amplification with the Appropriate primers. The p-actin 
standard curve wait usod to normative the results of A to 100 ny of genomic DNA. 
(0) The amount of pF8TM present per 1 00 iig of genomic DNA. 



of sample. Therefore, |lu« potential for TCH con- 
lamination in the laboratory is reduced' because 
amplified products can l><» analysed and disposed 
of without opening the reaction tubes. Second,, 
(hi*, method suppoxU the- umi of a titjrmuliy.HtloiJ 
K«nc (Lc., P-fictin) for quantitative PCR or house- 
keeping gene.-; for quantitative RT-l'CH controls. 
Analysis is performed in real time during the Jog 
phase of product accumulation. Analysis during 
k»K phase pennits many different genes (over a 
wide input target range) to be analysed slmuluv 
noously, without concern of reaching read ion 
plateau at different cycle*. This will make nnilll- 
j^e-FHi analysis assays much caMvi Ui develop, be- 
cause individual inteuicd u/mptlUot> will nut be 
needed for each gene under analysts Third, 
ftdinplc throughput will inueacvc dniiiialicdliy 
with the new method because there is no post- 
VC'M processing time. Additionally, woiking in a 
96-well format is highly compatible with auto- 
iiuilion technology, 

The real-time 1*CR method <i» highly reprn- 
ducible. Replicate amplifications can be aim ly zed 



for each sample minimizing potential *rror. The. 
.sysutm fiiiowK for a very large ussay dynamic 
range (appTonithiug 1,000,000- fold Majting Uii- 
got). Uaing u .staiuinrd curve for the target at in* 
tereM, relative copy number values can be deter- 
mined for any unknown *ujupU\ fluorescent 
threshold values, C, v eoneJair. linearly with rela- 
tive DNA copy numbers. Heal time quantitative 
KT-I'CH methodology (Gibson et al v this i.wuft) 
has alsobertn developed, finally, real time qudii- 
titotive I'CU methodology can l>c used u> develop 
high-throughput screening aasay.s for n variety of 
applications [quantitative gene c*pi ea;>ioii (KT- 
PCR), gene copy a»»ay» (!1er2, I11V, etc.), gcm> 
typlng (knockout mouse analysis, and Jnimuno- 
renj. * 

Real-time P(*K may al.w he performed using 
intcrcnMing dyes (Htgtichi ct al- "VP) 9 ?*) such as 
eihidium bromide. The fluorogenic probe, 
method offers a major advantage over inter- 
calating dyes- greater specificity (i.e., primer 
dtmvrs and nonspecific PCR products are not de.- 
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METHODS 

Generation of <t Hasmld Containing a Partial 
cDNA lor Human Factor Ylll 

ToUil KNA w«> harvested (UNAt*»> » lcsl ' 
hncndAWOod, TX) from I .*n*fccted ~lth a factur VIII 
e*KiiN»!fluii vector, pC:|S2.*k^li (Kftltm el M. HWfc dor. 
man r.i al. 1»90>. A factor VIII partial cDNA wvpiiinv W«S 
gcmmlcd by U'J* IttoiieAmp It/ iTlh UNA W*U Kit 

(pan NWMwnys, Applied hiosyacms, i-'cwivi CHy, i;a)J 

using Ihc I»c:k jjiiuiufs Wfor **ml Pftrtv (priim-r .wqueuce* 
arc shown below).. The amplkcon was reamplKied lifting 
modified l*Wor oaid Wrcv primers (»p|X'iuU«d with JmwIU 
and Hmdlll restriction sire sequences «t the V ejwlf 
clonal into p«KM- 3Z (lVomi^u tuvp.. Mudwon, Wl). The 
resulting clone, pWTM. was used lor transient iransfecilpn 
of 293 cells. 

Amplification of Target DNA ami Dulccilon of 
Amplicpn Factor VIII Plasmid DNA 

(pKfiTM) was amplified with (lie piiimriA l**Bf««r S'-CX;C*> 

crr<KX^\A«Au:i , UACJiiiCi , TC-3 , -anci Pttrcv .v-aaa<;<;t- 

t;AGCCrrOGAK«iTAC'iCi-.V.TIi«i ruttctluu pioUuerd *i 422- 
hp K:k produci. The forwiird primer was denned <cv 
ngnlxe it uxik|uv M'lpienti" hnmd li'i the f>' untranslated 
region of thu paicul uC152,tkZ5l> pldMiiiO nn«l therefore 
does nut k'vnih'jLau «md amplify ihv lium<m factor VIII 
gene. Vrimnre wore choKon with the avsi*1<mrf of llvi< com- 
puter program Oligo 1.0 (Niitiimul llUwcionccs, lnv„ Ply- 
ntnuth, MN). The human pectin gc-nr whs amplified with 
like primers IS-tidin forward primer £' TCACOCACAf n*(!T 
GCCCATd'ACttA-.T and p-actiu reverse pii wcr .S'.CAf ;. 

C;GGAACCX:fri'<:ArR;c:c^A'iGG.3'. The reaction pro* 
(lu Ceo a 2V5-np I'CSK produci. 

Amplification, reaction* (SO pJ) cuinaitied it DNA 
sampler, U»x !»(;« Uuffur II (6 200 p.M dATl', dGTi', 
dGTlYand 400 p,M dUTI\ 4 inM MgCI„ Units AmpJI 
Tiki) r;NA polymerase, 0.5 unit AmpKnrcc uracil W-fiiy- 
t:n.iylu*e (UNO), £0 pmolc of civch faeloi VIM |irlmei, und 15 
pniolt* of itudi |l actio piling. Th« lOavtlui^ i:t;nulncd 
one of the following ^irlcctlnn prnhrs (l«0 hm mth): 

i/»j>mb<- A'(rAM)Ac:crr(rr(:(::A(:(:'r<;(:rn , (;'nTCTCT- 

GCCTT(TAMUA)p 3' «ud (S-nt-tin proU* 5 r (FAM)ATGOCC- 
X(TAMKA)CCCCr:ATGt:CATCp-3' where p indicalcs 
plmsphorylAiirtrt rind X indicates a linker arm nucleotide. 
Reaction Mh* ww Mit:r»A»\p Optical Tubes (part lUim- 
hvr Nk01 09.'t\ Pcrkln Ulnwr) tlial wtffe frufiitfd (l»t IVrliin 
ntrucr) lu |>rvvt-ul liyfil from /cflccUn$. Tube Cdpi were 
simitar irt Micro Amp t;nj>s but specially desiftned lo pre- 
ycih ll^hi scutk*ni'«. All <il Wto IKiK tfeinfliiintthU** were 
r liv:d l>y PK Applied ltiMyrt«m» <l^»*<**r fJHy, OA) except 
I he* fucior Vlll primers, which wni- nyntheslxrd al Cvnvx 
lech, Inc. (Suulh f»*«i Francisco, CA). Probes wtw dosJ^nwl 
using the Olifio 4.0 soflware, folk»wln K giddeltnei; wij;- 
^csieo in tnc Model 770<» .Sequence Dettvun lii.imum'ni 
manual, hrlcfly, piobc T rn »)n»ulit Iw ai Jeost 5 W C higher 
Ulan tlu* a>uwttlhj» lempvirtiurc used dtirlnj; llirrmul cy- 
cling; primers should «ul fwim sUUW duplexed wtlh ibe 
probe. 

The therujol cycling CondiHotvs Included % nilii A* 
5U W C and 10 min at 95 n C. "Hicapmal cycling procrrdrd with 
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reactions were ixsrfonuvd '»» <ho Model 7700 Sequence IX - 
»«i<>t (l»U AppUed UlusyviL'uiv), »»hlch cunuliii * Gene. 
Amp I'OU Sy&lvm VJOOO. ttcsatllon wndilion* w< rf fiio^ 
Hruiuiiicd uit .i I'wwm MacititiMh V100 (Apple UirnpiiiPr, 
Santo Clara, CA) nnKcd dirxtily to ihe Model WfiA Sr- 
tjucnw Uitffctor* Analy»»» *»f daia w»« aim porf/umi'd on 
the Mii-lnU*h computer. C^llnrtlnn and jmalyd* cnflwuro 
wtu dcvcln|wl Ht W. Applied HiCKyMums. 

Transection of Cells with Factor VIII Construct 

J-Vmr T17.S flasks of 293 cells (ATCO C:R1. 1573), ?» human 
feiot kidney suspi'p/tion cell line, wvrv h«» v " h*; 80% con- 
lluoncy twnsfctled pI'K'I'M. Coll* wore r«iwh in tint 
rnllnwlug mcdlat St>% HAM'S v\ 2 without GUT, 50% low 
(tiucosc l^uJhca'n's mndlfJcd Kimlenjodium (l)MUM) wIUj- 
om glycinu wiUi sodium bicarbonate, 10% Jctal bovine 
scrum, 2 imm t.-^luL<timnc. dnri 1% pcnidlliu-atrcpiomy- 
i.m f The medio ww charged 30 min M^- »^nr.fcc 
lion, pl ; U'rM WA Amounts of 40, 4, OS, and 0.1 h; were 
iiUilcfl t<> 1.A ml of n solution containing 0.125 m C^Cly 

and 1 x IIMiS. 1*hc four mixture* were left al room ti 

[.H.-rittijri- ffii in min and then ud<loi drupwUo »<v the cells. 
The rbt>k> wvi»-.H"-uUiled at 37°C and 5% < :O a f<ir 24 hr, 
wiinhcd with PUS, iind nwuspended In PttS. Tht* rentm 
p-nd^l cclU were divided into »lu|un(a "t»d DNA WA4 tw- 
trweted Iniincdluldy using IhvQIAunip »U'b«1 Kit (Oj^n. 
ainUYVOrth, CVS), UNA e.luled Into 200 »U ol 30 
Trls-MCIolpliH.O, 
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methods. Peptides AENKor AEQKwere dissolved in water, made isotonic with 
NaCl and diluted into RPMI growth medium. T-cell-proliferation assays were 
done essentially as described 20,21 . Briefly, after antigen pulsing (30u,gmr' 
TTCF) with tetrapeptides (l-2mgml"'), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1M and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co-culture with T-cell clones in 
round-bottom 96-well microtitre plates. After 48 h, the cultures were pulsed 
with 1 p.Ci of 3 H-thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 ^g TTCF with 0.25 jig 
pig kidney legumain in 500 yA 50 mM citrate buffer, pH 5.5, for 1 h at 37 °C. 
Glycopeptide digestions. The peptides HIDNEEDI, HIDN(N- glucosamine) 
EEDI and HIDNESDI, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy- methylated human transferrin followed by 
concanavalin A chromatography". Glycopeptides corresponding . to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The lyophilized transferrin- 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mU ml" 1 pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgrnl" 1 a- 
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells 1 . Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL- induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3- messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour ' 
, necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3'(DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG) 3 , 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine- tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and. TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy- terminal portion of DcR3 is 101 residues 
shorter. . - 

We analysed expression of DcR3 -mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a. significant increase in binding to 
cells transfected with FasL 4 (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL 6,7 , Apo3L/TWEAK 8,9 , or OPGL/TRANCE/ 
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RANKL 10 "' 2 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFR1. Gel- filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig, 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K 6 = 0.8 ± 0.2 and 
1.1 ± 0.1 nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble-FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
—0.1 |xgmi" 1 . Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death. (AICD) of mature T lymphocytes, a FasL- 
dependent process 1 . Consistent with previous results 13 , activation 
of interleukin-2 -stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes 1,14 " 16 . Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from —65% to 
—30%, with half-maximal inhibition at —1 u-gmT 1 ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block 'soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL 17 . 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminaJ 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1 -4), and the A/-linked glycosylation site (asterisk) are 
shown, b, Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a, probe and blots of poly(A)* RNA (Clontech) from 
human fetal and adult tissues or cancer ceil tines. PBL, peripheral blood 
lymphocyte. 



Figure 2 Interaction of DcR3 with FasL. a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area), TNFR1-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE, phycoerythrin- 
labelled cells, b, 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFR1, DcR3 or Fas. 
c, Purified soluble FasL (sFasL) was immunoprecipitated with TNFR1-Fc, 0cR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane. d, Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing Dc"R3-Fc 
and sFasL-Flag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR) ia in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18- fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 1 5 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 
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Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasL; Sngml" 1 ) oligomerized 
with anti-Flag antibody (0.1 jigml* 1 ) in the presence of the proposed inhibitors 
DcR3-Fc, Fas-Fc or human IgGt and assayed for apoptosis (mean ± s.e.m. of 
tripficates). b, Jurkat cells were incubated with sFasL-Flag plus anti-Flag antibody 
as in a, in presence of 1 u.g ml" 1 DcR3-Fc (filled circles), Fas-Fc (open circles) or 
human jgGl (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stimulated with PHA and interleukin-2, 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human jgGl, Fas-Fc, or DcR3-Fc (lOu-gmr 1 ). 
After 16 h, apoptosis of CD4* cells was determined (mean ± s.e.m. of results from 
five donors), d, Peripheral biood natural killer cells were incubated with 5, Cr- 
labelled Jurkat cells in the presence of DcR3-Fc (rilled circles), Fas-Fc (open 
circles) or human IgGl (triangles), and target-cell death was determined by 
release of 5, Cr (mean ± s.d. for two donors, each in triplicate). 
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we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM218xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3-linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre' of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that. DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand- family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG 2,19 . 

. FasL is important in regulating the immune response; however, 
little is known about. how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 17 . DcR3 competes with Fas for 



a b d 




Figure 4 Genomic amplification of DcR3 in tumours, a, Lung cancers, comprising 
eight adenocarcinomas (c t d, f, g, h, j, k, r), seven squamous-cell carcinomas (a, e. 
m, n, o, p, q), one non-smail-cell carcinoma (b), one smaJI-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means ± s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Data are 
means ± s.e.m. of five experiments done in duplicate. c t In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S), blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d, Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward, Rev and Fwd), the 
DcR3-linked marker T160, and other chromosome-20 markers, in the nine colon 
tumours showing DcR3* amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's f-test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin- 1 has been 
described 21 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L 22 . Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG\ which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L 19 . Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. □" 



Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based oh the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR1, was fused to the hinge.and Fc region of human 
JgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". 

Fluorescence-activated cell sorting (FACS) analysis. We .transfected 293 < 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL* (2 u,g), together with pRK5 encoding CrmA 
(2u,g) to prevent cell death. After 16 h, the cells were incubated with 
biptinylated DcR3-Fc or TNFRl-Fc and then with phycoerythrin-conjugated 
streptavidin (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smirnov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), : it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells. 

Immunoprecipitation. Human 293 cells were transfected as above, and 
metabolically labelled with [ 3S Slcysteine and [ 35 S] methionine (0.5 mCi; 
Amersham). After 16 h of culture in the presence of z-VAD-fmk (10u.M), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5 u,g), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL (1 |xg) (Alexis) was incubated 
with each Fc-fusion protein (1 u,g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25 fig) was 
incubated with buffer or with DcR3-Fc (40 u,g) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 uJ aliquots into microti tre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
strep tavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti-human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgG 1 before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AICD. CD3 + lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 u.g ml" 1 ) for 24 h, and cultured 
in the presence of interleukin- 2 ( 100 U ml" 1 ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later by FACS analysis of annexin-V-binding of CD4* cells 24 . 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with 5l Cr-loaded Jurkat cells at an effector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target-cell death was determined by release of 51 Cr in effector- target co- 
cultures relative to release of 51 Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR 18 
using a TaqMan instrument ( ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER-2 oncogenes (data 
not shown). Gene-specific primers and fiuorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to —500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3 -specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fiuorogenic probe sequence was 5 ' - ( FAM -ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5' -fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 (4CT) , where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 

Received 24 September, accepted 6 November 1998. 

1. Nagata, S. Apoptosis by death facto r. Cell 88. 355 -365 (1997). 

2. Smith, C. A., Farrah, T. & Goodwin, R. G. The TNF receptor superfamily of cellular and viral proteins; 
activation, costimulation. and death. Cell 76, 959-962 (1994). 

3. Simonet, W. S. rr al. Osteoprotegerin: a novel secreted protein involved in the regulation of bone 
density. Cell 89, 309-3 19 { 1997). 

4. Suda, T., Taluhashi, T., Golstein, P. 8c Nagata, S. Molecular cloning and expression of Fas ligand, a 
novel member of the TNF family. Cell 75, 11 69- II 78 ( 1993). 

5. Pennica, D. er ai Human tumour necrosis factor; precursor structure, expression and homology to 
lymphotoxin. Nature 312, 724-729 (1984).. 

6. Pitti, R. M. ef at. Induction of apoptosis by Apo-2 ligand, a new member of the tumor necrosis factor 
receptor family. /. Biol. Chem. 271, 12687-12690 (1996}. 

7. Wiley, S. R. et ai Identification and characterization of a new member of the TNF family that induces 
apoptosis. Immunity 3, 673 - 682 (1995). 

8. Marstcrs. S. A. et al. Identification of a ligand for the death -do main-containing receptor Apo3. Curr. 
Biol 8, 525-528 (1998). 

9. Chicheportiche. Y. et ai TWEAK, a new secreted ligand in the TNF family that weakly induces 
apoptosis. /. Biol. Chem. 272, 32401-32410 (1997). 

10. Wong, B. R, et al. TRANCE is a novel ligand of the TNFR family that activates c-Jun-N-tcrminal kinase 
in T cells. /. Biol. Chem. 272, 25190-25194 (1997). 

11. Anderson, D. M. et at. A homolog of the TNF receptor and its ligand enhance T-cell growth and 
dendritic-cell function. Nature 390. 175-179 (1997). 

12. Lacey. D. L et al. Osteoprotegerin ligand is a cytokine that regulates osteoclast differentiation and 
activation. Cell 93. 165- 176 ( 1998). 

13. Dhein, I.. Walczak, H., Baumler, C. Debatin. K. M. eV Krammer, P. H. Autocrine T-cell suicide 
mediated by Apol/(Fa*/CD95). Nature 373.' 438-441 ( 1995). 

14. A rase, H., Arase, N. 8c Saito, T. Fas-mediated cytotoxicity by freshly isolated natural killer cells. /. Exp. 
Med. 181, 1235-1238 (1995). 

15. Medvedev. A. E. et ai Regulation of Fas and Fas ligand expression in NK cells by cytokines and the 
involvement of Fas ligand in NK/LAK cell- mediated cytotoxicity. Cytokine 9, 394-404 (1997). 

16. MoretU, A. Mechanisms in cell- mediated cytotoxicity. Cell 90, 13-18 (1997). 

17. Tanaka, M., Itai, T.. Adachi. M. flt Nagata. S. Downregualtion of Fas ligand by shedding. Nature Med. 
4,31-36(1998). 

■ 18. Gelmini, S. et at. Quantitative PCR-based homogeneous assay with fiuorogenic probes to measure c- 

erbB-2 oncogene amplification. Clin. Chem. 43, 752-758 (1997). 
• 19. Emery, IG.et al. Osteoprotegerin is a receptor for the cytotoxic ligand TRAIL /. Biol Chem. 273, 

14363-14367 (1998). 

20. Wallach, D. Placing death under control. Nature 388, 123-125 (1997). 

21. Collota, F. et ai Interleukin- 1 type It receptor: a decoy target for IL- 1 that is regulated by IL-4. Science 
261,472-475 (1993). 



702 



lett rst nature 



22. A&hkeiuzi, A. 8c Dixit, V. M. Death receptors: signaling and modulation. Science 281, 1305-1308 
(1998). 

23. Ashkenazi, A. & Chamow, S. M. Immunoadhesiru as research tools and therapeutic agents. Cun. 
Opm. Immunol 9, 195-200 (1997). 

24. Marsters, S. et a!. Activation of apoptosis by Apo-2 ligand is independent of FADD but blocked by 
CrmA. Cun. Biol. 6. 750-752 (1996). 

Acknowledgements. We thank C. Clark, D. Pennica and V. Dixit for comments, and J. Kern and P. Quirke 
for tumour specimens. 

Correspondence and requests for materials should be addressed to A_A. (e-mail: aa@gene.com). The 
Gen Bank accession number for the DcfU cDNA sequence is API 044 19. 



Crystal structure of the 
ATP-binding subunit 
f an ABC transporter 

Li-Wei Hung*, iris Xiaoyan Wangt, Kishiko Nikaidot, 

P i-Qi Liut, Giovanna Ferro-Luzzi Amest & Sung-Hou Kim** 

* E. O. Lawrence Berkeley National Laboratory, t Department of Molecular and 
Cell Biology, and t Department of Chemistry, University of California at Berkeley, 
Berkeley, California 94720, USA 



ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia colt genome 
sequence revealed that the largest family of paralogous E. coll 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains 1 . In 
• prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and £. coli 1 J T 8 is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 » 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM 6 . The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity 8 , and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex 8 . 

The overall shape of the crystal structure of the HisP. monomer is 
that of an T with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded (3- 
sheet (p3 and p8-p 12) spans both arms of the L, with a domain of a 
a- plus p-type structure (pi, (32, p4-p7, al and ot2) on one side 
(within arm I) and a domain of mostly ot-helices (ot3-o:9) on the 




Figure 1 Crystal structure of HisP. a, View of the dimer along, an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A, comparable to that of membrane. a-Heiices 
are shown in orange and 3-sheets in green, b, View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The p-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom of arm I, as shown in a, towards arm II, showing the ATP-binding 
pocket, a-c, The protein and the bound ATP, are in 'ribbon' and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT 28 . N, amino terminus; C, C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DIM A. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings, int. J. 
Cancer 78:661 -666, 1998. 
© 1998 Wiley-Liss. Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et ai, 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in aimor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccnd\ (1 lql3), anderbB2 ( 17ql2-q21) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and erb&l proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Bems et ai, 1992; 
Schuuring et ai, 1992; S4amon et ai, 1987). Muss et ai (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. . 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et al. (1987) between 
erb&l amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PGR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

. One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et ai, 1996; Heid et 
ai, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et ai (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et ai, 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et ai, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the C t (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why Q is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C t 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors (myc, ccndl and er£B2), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous Southern-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy, immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C t (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring C t and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-qt3. in which no genetic alterations have been found in 
breast-rumor DNA by means of CGH (Kallioniemi et ai, 1994)r 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N'\ and is determined as follows: 

copy number of target gene (app, mvc, ccndl, erbB2) 

N = — : . 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DNAgency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et ai (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
ng of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 1 0-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real -time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10~ 7 (10 5 copies of each gene) to 
10" 10 (10 2 copies). This series of diluted PCR products was 
aliquoted and stored at -80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 ng). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCl 2 , 1 .25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 10 min at 95°C. Thermal cycling consisted of 40 cycles at 
95°C fori 5 s and 65°C for 1 min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-weil microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates C t and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbBl proto-oncogenes, 
and the (3-amyloid precursor protein gene {app), which maps to a 
chromosome region (21q21.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et al., 1994). The 
reference disomic gene was the albumin gene {alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/uL It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude),- with samples containing as few as 10 2 copies or as 
many as 10 5 copies. 

Copy-number ratio of the 2 reference genes ("app and alb) 

The app to alb copy-number ratio was determined in 18 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 - Albumin I 
from 10 3 (A9), 10 4 (A7), 

(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference~dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau, C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be delected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vs. C, (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
range. 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions {app, 21q2L2; alb. 4q 1 1 -q 1 3 ) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kail ion iemi et ai, 1 994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and erb52 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 18 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods*'. The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for myc, 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1.3 (mean 0.91 ±0.19) for erbBl. Since N values 
for myc, ccndl and erbBl in normal leukocyte DNA consistently 
fell between 0.5 and 1.6, values of 2 or more were considered to. 
represent gene amplification in tumor DNA. 

myc, ccndl and erb£2 gene dose in breast-tumor DNA 

myc, ccndl and erbBl gene copy numbers in the 108 primary 
breast tumors are reported in Table I, Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbBl (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl, 2 to 15.1 for erbBl, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 1 6-fold (T 1 45), 6-fold (T 1 33) and non-amplified (T 1 1 8). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbB2 and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbBl in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbBl copy number (N < 0.5), suggesting that they bore deletions 
of the 1 7q2 1 region (the site of erbBl). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

. Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbBl amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N > 5). However, there were cases ( 1 myc, 6 ccndl and 4 erbBl) 
in which real-time PCR showed gene amplification whereas 
Southem-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND crbB2 GENES FN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 2-4.9 


2=5 


myc 


0 


97 (89.8%) 11 (10.2%) 


0 


ccndl 


0 


83 (76.9%) 17(15.7%) 


8 (7.4%) 


erbB2 


5 (4.6%) 


87 (80.6%) 8 (7.4%) 


8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA. which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin -embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in rumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et ai, 1 994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover" PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et ai, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin- fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise. and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables C x to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the Q value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not- shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
C t ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-ceil basis (Pauletti et ai, 
1996; Slamon et ai, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used.to define positive staining. 

The results of this study are in agreement with those reported in 
the literature. (/') Chromosome regions 4q 1 1 -q 1 3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et ai. 1994). (//) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Bems et ai, 1992; Borg et ai, 1992). (Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbBl amplifica- 
tion, confirming the findings of Borg et ai ( 1 992) and Courjal et ai 
(1997). (iv) The maxima of ccndl and erbB2 over-representation 
were 1 8-fold and 1 5-fold, also in keeping with earlier results (about 



GENE AMPLIFICATION BY REAL-TIME PCR 



665 



Amplification - CCND1 



< 




-Samples 



H FAM - A8 11 
EI FAM - El 2 □ 
S3 FAM - 611 C-D 



I i i I I I I I l I I I I I I I I I i I I I I I I I I il I I I I I I l 1 i \ \ Viewer: I ARn (B..~ 
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 Reporter | FAM ^ j 

Cycle 



2.000 
1.800 
1.600 
1.400 
1.200 - 
1.000 - 
0.800 - 
0.600 
0.400 - 
0.200 - 
0.000 

-o;200 



Amplification - ALB 




— Samples 



FAM - B4 
FAM - C6 
12 FAM - C8 



□ 



Viewer: | ARn (B..."^"l 



1 i I i I i i i M i i i i M M M i I I I ) I I I i i i i I i I 1 I I 

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 Reporter: [ FAM ^ | 

Cycle 



CCND1 



Tumor C t Copy number c t Copy number 



□ T118 



27.3 



4605 



26.5 



4365 



T133 



23.2 



61659 



25.2 



10092 



T145 



22.1 



125892 



25.6 



7762 



Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: Til 8 (El 2, C6, black squares), Tl 33 (G i U B4, red squares) 
and T145 (A8, C8, blue squares). Given the C t of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment. Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-fold maximum) (Berns et ai. 1992; Borg et ai, 1992; Courjal et 
ai, 1997). (v) The er6B2 copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An et ai, 1995; Deng et ai t 1996; Valeron 



et ai, 1996). Our results also correlate well with those recently 
published by Gelmini et ai (1997), who used the TaqMan system to 
measure erb&2 amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






alb 




Hccndl/alb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


T118 


4525 . 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


1111 


10092 


10137 


375 


6.03 . 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Nccndl/alb) is determined by dividing the average ccndl 
copy number value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erbB2) observed by means of real-time 
quantitative PCR as compared with Southern-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) . could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et al, 1992; 
Slamon e/ a/., 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erb&2 (but not of the other 2 proto- 
oncogenes) in several tumors; erbBl is located in a chromosome 
region (I7q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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